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1.0 INTRODUCTION 

1.1 BACKGROUND 

The e x c i t a t i o n  of g a s e o u s  a t o m i c  and m o l e c u l a r  s p e c i e s  by h igh -  
e n e r g y  e l e c t r o n  i m p a c t  has  long  b e e n  of f u n d a m e n t a l  i n t e r e s t .  H o w e v e r ,  
d t i r ing  r e c e n t  y e a r s  add i t i ona l  a t t e n t i o n  has b e e n  g i v e n  th i s  sub j ec t  b e -  
cause  of the  app l i c a t i ons  of s u c h  k n o w l e d g e  inc lud ing  the  u se  of e l e c t r o n  
i m p a c t  e x c i t a t i o n  fo r  d e t e r m i n i n g  v a r i o u s  p r o p e r t i e s  of the  g a s e o u s  
s p e c i e s .  Our own i n t e r e s t  is  m o t i v a t e d  by the u se  of e l e c t r o n  b e a m  
f l u o r e s c e n c e  d i a g n o s t i c s  of h i g h - s p e e d  flow f i e ld s  of g a s e s  and t h e i r  
m i x t u r e s  fo r  the p u r p o s e  of d e t e r m i n i n g  l o c a l  v a l u e s  of gas  s p e c i e  
d e n s i t y  and t e m p e r a t u r e  by o b s e r v i n g  the  f l u o r e s c e n c e  r a d i a t i o n  r e s u l t -  
ing f r o m  e l e c t r o n - m o l e c u l e  c o l l i s i o n s  of 5 to 50 k e V  e n e r g y .  Al though  
the  b r e a d t h  of the  e n e r g y  r a n g e  of i n t e r e s t  is  s o m e w h a t  a r b i t r a r y ,  
v a r i o u s  a p p l i c a t i o n  r e s t r a i n t s  do e x i s t  that  p l ace  p r a c t i c a l  l i m i t s  on 
both  the  l o w e r  and u p p e r  bound of the  e l e c t r o n  e n e r g y .  The p r i m a r y  
c o n s t r a i n t  e n c o u n t e r e d  in d i a g n o s t i c  app l i c a t i ons  is that  of an e l e c t r o n  
b e a m  s p r e a d i n g  along the i n j e c t i o n  path as a r e s u l t  of both e l a s t i c  and 
i n e l a s t i c  s c a t t e r i n g  p r o c e s s e s ,  t h e r e b y  d e g r a d i n g  the  spa t i a l  r e s o l u t i o n .  
C o n s e q u e n t l y ,  on th is  ba s i s ,  one would d e s i r e  to e m p l o y  b e a m  e n e r g i e s  
on the  o r d e r  of 50 keV  to m i n i m i z e  s p r e a d i n g  p r o b l e m s ;  e n e r g i e s  g r e a t e r  
than  about 50 keV  a r e  obvious ly  p r a c t i c a l ,  but l i t t l e  is  ga ined  in the a r e a  
of b e a m  s p r e a d i n g  by so  doing,  and such  h igh  e n e r g i e s  a r e  not d e e m e d  
w o r t h  the  added  a r c i n g  and c o r o n a  d i s c h a r g e  p r o b l e m s  e n c o u n t e r e d .  

A s e c o n d ,  but l e s s  i m p o r t a n t ,  c o n s i d e r a t i o n  is e n c o u n t e r e d  when  
apply ing  th is  t e c h n i q u e  to the  m e a s u r e m e n t  of low gas  d e n s i t y  s a m p l e s  
as a r e  t y p i c s l l y  found in the  f a r  f i e ld  of h y p e r s o n i c  e x p a n s i o n s .  F o r  
t h e s e  c a s e s ,  one d e s i r e s  as m u c h  r a d i a t i v e  i n t e n s i t y  as is  p o s s i b l e  
wi th in  the spa t i a l  r e s o l u t i o n  r e q u i r e m e n t s ,  and c o n s e q u e n t l y ,  the  use  of 
l o w e r  b e a m  e n e r g i e s  and, t h e r e b y ,  l a r g e r  c r o s s  s e c t i o n s  is a t t r a c t i v e .  
A l o w e r  l i m i t  of 1 to 5 keV  fo r  e l e c t r o n  b e a m  e n e r g y  in  t h e s e  i n s t a n c e s  
is not  u n r e a s o n a b l e .  

As wi l l  be d i s c u s s e d  in de t a i l  in a fo l lowing  s e c t i o n ,  the  e l e c t r o n -  
m o l e c u l e  e x c i t a t i o n  p r o c e s s  can be c a t e g o r i z e d  a c c o r d i n g  to the  changes  
in a n g u l a r  m o m e n t u m  and sp in  quan tum n u m b e r s  r e s u l t i n g  f r o m  the  
co l l i s i on .  G e n e r a l l y ,  such  c o l l i s i o n s  a r e  deno t ed  as a l lowed  or  f o r -  
b idden ,  and the  d e g r e e  of f o r b i d d e n n e s s  can be f u r t h e r  r e f i n e d  as f o r -  
b i d d e n  in o rb i t a l  angu l a r  m o m e n t u m  o r  sp in  angu l a r  m o m e n t u m  or  both,  
and e a c h  type of t r a n s i t i o n  is e x p e r i m e n t a l l y  c h a r a c t e r i z e d  by i ts  
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d e p e n d e n c e  on e l e c t r o n  e n e r g y .  As is  we l l  known,  in  g e n e r a l ,  the  
a l l owed  t r a n s i t i o n s  a r e  m u c h  s t r o n g e r  t han  those  w h i c h  a r e  f i r s t - o r d e r  
f o r b i d d e n ,  and as a r e s u l t ,  a l l o w e d  t r a n s i t i o n s  a r e  u s u a l l y  e m p l o y e d  
f o r  d i a g n o s t i c s  a p p l i c a t i o n s .  H o w e v e r ,  e v e n  though  a l l owed  t r a n s i t i o n s  
a r e  p r e f e r a b l e  fo r  u s e ,  one cannot  i g n o r e  the  w e a k e r ,  f o r b i d d e n  t r a n -  
s i t i o n s  fo r  m a n y  a p p l i c a t i o n s .  As an e x a m p l e ,  if one is  s tudy ing  the  
f low f i e ld  of a b i n a r y  m i x t u r e  of He and N 2 f o r  w h i c h  the  He m o l e  f~'ac- 
t ion  is s m a l l ,  the  s t r o n g ,  a l l owed  He t r a n s i t i o n  3 1 p  -* 21S at 5016 A 
can  e a s i l y  be o b s c u r e d  by the  NIl t r a n s i t i o n  3 F ° - ,  3D at 5016 .4  A, 
w h i c h  is the r e s u l t  of the  d i s s o c i a t i v e - e x c i t a t i o n  of N2 by e l e c t r o n  i m -  
pac t .  Obv ious ly ,  both fo r  e x p e r i m e n t  d e s i g n  as w e l l  as da t a  i n t e r p r e -  
t a t i o n  the d e p e n d e n c e  of the  NIl l i ne  e x c i t a t i o n  c r o s s  s e c t i o n  wi th  e l e c -  
t r o n  e n e r g y  as well  as i ts  a b s o l u t e  va lue ,  d e n s i t y  and c u r r e n t  d e p e n d -  
e n c e s  a r e  d e s i r e d .  A r e l a t e d  q u e s t i o n  e x i s t s  when  one c o n s i d e r s  f low 
f i e l d s  c on t a in in g  the m o l e c u l e  and at l e a s t  one of i ts  c o n s t i t u e n t  a t o m i c  
s p e c i e s ,  s u c h  as N2 /N ,  N O / N  o r  O, H2 /H,  H F / H  o r  F ,  and F 2 / F  m i x -  
t u r e s .  Obv ious ly ,  to d e t e r m i n e  the  d e n s i t y  of the  a t o m i c  s p e c i e ,  s a y  
N, r a d i a t i v e  t r a n s i t i o n s  of the  NI o r  NIl  s p e c i e s  m u s t  be o b s e r v e d ;  
h i g h e r  i o n i z e d  s p e c i e s  such  as NIII, NIV, e t c . ,  a r e  qu i te  u n l i k e l y .  
S ince  the  e l e c t r o n  i m p a c t  on both N as we l l  as  N 2 p r o d u c e s  NI and NIl  
r a d i a t i o n ,  one d e s i r e s  to know to wha t  ex t en t  the  m o l e c u l a r  and a t o m i c  
s p e c i e s  e a c h  c o n t r i b u t e  to the r e s u l t i n g  c o m p o s i t e  r a d i a t i o n .  To do so,  
one m u s t  know the c r o s s  s e c t i o n  f o r  the  p r o d u c t i o n  of e a c h  s p e c i e  as  
we l l  as  i t s  e n e r g y  d e p e n d e n c e .  F o r  the  a t o m i c  s p e c i e ,  i n s p e . c t i o n  and 
c o m p a r i s o n  of the  g r o u n d  s t a t e  q u a n t u m  n u m b e r  d e s c r i p t i o n  wi th  tha t  
of the e x c i t e d ,  r a d i a t i n g  s t a t e  can ,  in m a n y  c a s e s ,  g ive  one the  g r o s s  
c h a r a c t e r i z a t i o n  of the e x c i t a t i o n  p r o c e s s  as  e i t h e r  a l l owed  o r  f o r b i d d e n .  
The  s i t u a t i o n  is l e s s  s i m p l e  f o r  d i s s o c i a t i o n  p r o c e s s e s  fo r  m o l e c u l e s ,  
s i n c e  the  p r o c e s s  i nvo lved  is at l e a s t  t h r e e - b o d y  in  n a t u r e .  

Th i s  r e p o r t ,  w h i c h  is the  f i r s t  in a s e r i e s  of s t u d i e s  of d i s s o c i a t i v e -  
e x c i t a t i o n  p r o c e s s e s  of e l e c t r o n - m o l e c u l e  c o l l i s i o n s ,  d e s c r i b e s  the r e -  
su l t s  of the m e a s u r e m e n t  of the e n e r g y  d e p e n d e n c e  of the  d i s s o c i a t i v e -  
i o n i z a t i o n  c r o s s  s e c t i o n s  fo r  the  e x c i t a t i o n  of the  NII s t a t e s  3F° and 1D 
by e l e c t r o n  i m p a c t  on both N2 and NO. The  r e s u l t s  w e r e  a n t i c i p a t e d  to 
c h a r a c t e r i z e  e a c h  t r a n s i t i o n  as to w h e t h e r  it i s  a l l o w e a  or  f o r b i d d e n  and 
to d e t e r m i n e  the d e g r e e  of l i n e a r i t y  of the  r a d i a t i v e  i n t e n s i t y  wi th  gas  
d e n s i t y  and e l e c t r o n  b e a m  c u r r e n t .  F i n a l l y ,  the  s tudy  was  e x p e c t e d  to 
show to what  ex ten t ,  if any,  the e x c i t a t i o n  c r o s s  s e c t i o n s  w e r e  a f f e c t e d  
by c h e m i c a l  b inding .  As the fo l lowing  s e c t i o n s  show,  t h e s e  goa l s  w e r e  
a c h i e v e d .  

8 
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1.2 THEORY 

T h e  t h r e e  t y p e s  of e l e c t r o n  e x c i t a t i o n  p r o c e s s e s  of  i n t e r e s t  f o r  t h i s  
w o r k  a r e  a s  f o l l o w s :  

Molecular ionization, 

e - +  N 2 -~ (N~)" + 2e -  

L N~ + h~ 

H o m o n u c l e a r  m o l e c u l a r  d i s s o c i a t i v e  i o n i z a t i o n ,  

e - +  N 2 --, (N+) ** + N + 2e-  

L ( N + )  * + hv 

H e t e r o n u c l e  a r  m o l e  c u l a r  d i s  s o c i a t i v e  i o n i z  a t i o n  

v " +  NO -. (N+)  **  + O + 2e- 
L(N+) ~ + h~ 

w h e r e  ( )* d e n o t e s  an  e x c i t e d  s t a t e  of t h e  p a r e n t h e t i c a l l y  d e s i g n a t e d  
s p e c i e .  

F o r  t h e  p r o c e s s e s  r e p r e s e n t e d  by  E q s .  (1) to  (3), i t  i s  a s s u m e d  
a n d  t h e  e x p e r i m e n t  i s  c o n f i g u r e d  s u c h  t h a t  no c o l l i s i o n a l  q u e n c h i n g  
e f f e c t s  e x i s t .  

T h e  r a d i a t i v e  t r a n s i t i o n s  of i n t e r e s t  a r e  

N~ B X  u -- N'~ 2 + x : y +  
g 

f o r  t h e  p r o c e s s  of  Eq .  (1) and  

and 

NIIID .. NIIIP o 

NII3F o _. NII3D 

(i) 

(2) 

(3) 

9 
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fo r  the  p r o c e s s e s  of Eqs .  (2) and (3). The  fo l lowing  p a r a g r a p h s  in  t h i s  
s e c t i o n  d e s c r i b e  the t h e o r e t i c a l  b a s i s  fo r  the  d e s c r i p t i o n  of e l e c t r o n / a t o m -  
m o l e c u l e  c o l l i s i o n s ,  and the s e c t i o n  conc ludes  wi th  the a p p l i c a t i o n  of the  
t h e o r y  to the p r o c e s s e s  of Eqs .  (1), (2), and (3). 

1.2.1 Differential Cross Section 

The p r e s e n t  d e r i v a t i o n  and d i s c u s s i o n  e s s e n t i a l l y  fo l lows  tha t  of 
Inokut i  (Ref. 1). C o n s i d e r  an  e l e c t r o n  of v e l o c i t y  ,; wh ich  c o l l i d e s  wi th  
a s t a t i o n a r y  a tom in i t s  g r ound  s t a t e  and i s  i n e l a s t i c a l l y  s c a t t e r e d  in  
the  s p h e r i c a l  po l a r  d i r e c t i o n  (0, ~) of the  c e n t e r  of m a s s  s y s t e m  in to  the  
so l i d  ang le  e l e m e n t  (d~0), and a s s u m e  tha t  the a tom u n d e r g o e s  a t r a n -  
s i t i o n  f r o m  the g round  s t a t e  (o) to s t a t e  (n) of e x c i t a t i o n  e n e r g y  (En). 

When the inc iden t  e l e c t r o n  is  s u f f i c i e n t l y  f a s t ,  the c o l l i s i o n  m a y  be 
r e g a r d e d  as  a sudden  and s m a l l  e x t e r n a l  p e r t u r b a t i o n  on the t a r g e t  a tom.  
The  d i f f e r e n t i a l  c r o s s  s e c t i o n  (d~n) , c a l c u l a t e d  in the f i r s t  B o r n  a p p r o x i -  
m a t i o n ,  is  t hen  g iven  by (Ref. 1): 

d% = (~2/,$~4)(k"k)Ifexp (iK. • ?)  , 0 ; ( ~  l . . . 7 z ) V  0 o ( ~ 1  • • • 7 g ) d g ~  dTl2dco ( 4 )  

w h e r e  M is  the  r e d u c e d  m a s s ,  ~ is  the  p o s i t i o n  of the  i n c i d e n t  e l e c t r o n  
r e l a t i v e  to the  c e n t e r  of the  a tom,  ~ a n d , h k "  a r e  the  i n i t i a l  and f i n a l  
m o m e n t a  of the  i nc iden t  e l e c t r o n ,  "hK = ~ (k - k"  ) i s  the m o m e n t u m  
t r a n s f e r ,  and the  ~ ' s  a r e  the a t o m i c  e i g e n f u n c t i o n s  as  func t i ons  of the 
c o o r d i n a t e s  ~j of the  a t o m i c  e l e c t r o n s .  The  3 Z - d i m e n s i o n a l  v o l u m e  
e l e m e n t  is  deno ted  as 

a z ;  = a ; 3 . . ,  a ;  z 

The i n t e r a c t i o n  e n e r g y  V is  the  Cou lomb  i n t e r a c t i o n  b e t w e e n  the  
i nc iden t  and a t o m i c  e l e c t r o n s ,  

7 --~ i~  l 
V = - ~  e 2 I~  - rj. 

j=! ( 5 )  

The n u c l e a r  i n t e r a c t i o n  e n e r g y  has  been  o m i t t e d  in Eq.  (5) s i n c e  i t  
y i e l d s  no c o n t r i b u t i o n  to Eq.  (4) due to the  o r t h o g o n a l i t y  of i n i t i a l  and 
f ina l  s t a t e s .  

l0 
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By using the Bethe relation, 

fexp(iK • ~)]~' - ~l-I d~ '=  4. K-2exp(iK • ~i) (6) 

Eq. (4) b e c o m e s  

C~ n = (4M2e4/~4K4)(k :/k)ie,(~,)l 2 ~ (7) 

w h e r e  En(K) is  the  a t o m i c  m a t r i x  e l e m e n t  

j ]  
Z 

= f,~. j~ oxp ( ~ .  ~)¢'o dz; (8) 

G e n e r a l l y ,  one m a y  c o n s i d e r  d~ n as i n d e p e n d e n t  of ~ b e c a u s e  the  

g round  s t a t e  is  s p a t i a l l y  s y m m e t r i c  o r  b e c a u s e  the  a t o m s  a r e  o r i e n t e d  
at r a n d o m  and an a v e r a g e  of al l  a t o m i c  o r i e n t a t i o n s  is  i m p l i e d .  Thus ,  
len(K~ 2 is  a f u n c t i o n  of a s c a l a r  v a r i a b l e  K, and one w r i t e s  I~n(K)l 2 
i n s t e a d  of [~n(K~ 2. F u r t h e r ,  when  one e x p r e s s e s  dcr n in t e r m s  of dK, 
one i m p l i e s  i n t e g r a t i o n  o v e r  ¢ s i n c e  K i s  i n d e p e n d e n t  of 4. T h e r e f o r e ,  
one r e p l a c e s  dca by 2~r s i n  0d0 = ~r(kk')-1 d(K 2) in  Eq. (7) to ob ta in  

~n = (4~'M2e4/4~4K4k2) I(°(K), 2 d(K2) (9) 

The quant i ty  en(K) r e f l e c t s  the  d y n a m i c s  of the  a t o m  and is  known 
as the  i n e l a s t i c - s c a t t e r i n g  f o r m  f ac to r .  F o r  our  p u r p o s e s ,  h o w e v e r ,  
one m o r e  of ten  u s e s  the  g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h :  

fn(K ) = (2mEn/4~2K 2) ]en(K) 12 (lo) 

w h e r e  m is  the  e l e c t r o n  m a s s .  By us ing  the  B o h r  r a d i u s  
a o = ' h 2 / m c  2 = 0. 52918 x 10 .8 c m  and the  R y d b e r g  e n e r g y  
R = me4/2xn 2 = 13. 606 eV, Eq.  (10) b e c o m e s  

fn(k ) = (En/R)(Kao).2 len(K) 12 (11) 

The  g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h  is  a s t r a i g h t f o r w a r d  g e n e r a l i z a t i o n  
of the  op t i ca l  (dipole)  o s c i l l a t o r  s t r e n g t h  fn, de f ined  as 

, 2 
( = (E., r~)M. (12) 

l l  
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w h e r e  

I 12 xj.~odZ7 / a  o = r , / , :  ;, (13) 

is  the d i p o l e - m a t r i x - e l e m e n t  s q u a r e d  and xj is  a c o m p o n e n t  of ~j. The  
r e l a t i o n s h i p  b e t w e e n  the  d i p o l e - m a t r i x  e l e m e n t s  and t ypes  of t r a n s i t i o n s  
is  d i s c u s s e d  at the  end of th is  s e c t i o n .  By expand ing  the  e x p o n e n t i a l  of 
Eq.  (8) in to  the  f a m i l i a r  p o w e r  s e r i e s  and u s ing  the o r t h o g o n a l i t y  of the  
in i t i a l  and f ina l  a t o m i c  e i g e n s t a t e s ,  it  can be shown  that  

lira f (K) = fn 
K-o (14) 

E q u a t i o n  (14) is  e s p e c i a l l y  i m p o r t a n t  b e c a u s e  it r e l a t e s  the c o l l i s i o n  of 
f a s t  c h a r g e d  p a r t i c l e s  with p h o t o a b s o r p t i o n  p r o c e s s e s .  

When  the  inc iden t  p a r t i c l e  is an e l e c t r o n ,  m y 2 / 2  = E r e p r e s e n t s  
the  k i n e t i c  e n e r g y ,  and Eq. (9) b e c o m e s  

i 

9 
4rrag fn(K) 

dan - ~.'R En.'a d[In(Ka°)2] (15) 

Noting that  M / m  = 1 app l i e s  a p p r o x i m a t e l y  fo r  i n c i d e n t  e l e c t r o n s ,  
and u s ing  the  e n e r g y  c o n s e r v a t i o n  r e l a t i o n ,  

(£k)2 = ~k')2 * 2MEn (16) 

and the  de f in i t i on  of K = k - k ' ,  we f ind that  

= -- - -- -- COS 0 

F o r  a g i v e n  va lue  of En, (Kao)2 has a m i n i m u m  at e - 0 and a 
m a x i m u m  at O = ~. F o r  E n / E  
f r o m E q .  (17) 

<< 1 (Born approximation), one obtains 

( 1 ' 7 )  

(Kan)m.,x = -i - ~ + O 

(18) 

(19) 

12 
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F o r  e x c i t a t i o n  to con t inua  (e. g . ,  i on i za t i on ) ,  the e x c i t a t i o n  e n e r g y  
is  no l o n g e r  a d i s c r e t e  v a r i a b l e  but is  a con t inuous  v a r i a b l e  E"  t a k i n g  
a l l  r e a l  v a l u e s  g r e a t e r  t han  the f i r s t  i o n i z a t i o n  t h r e s h o l d  I1. Now, the  
c r o s s  s e c t i o n  (at a f ixed  E) f o r  e x c i t a t i o n  to c o n t i n u u m  s t a t e s  b e t w e e n  
E" and E" + dE" is (dc;/dE')dE', and d~/dE" is the density of the cross 
section per unit range of E'. Alternatively, u(E') may be considered 
as the cross section for excitation to all states up to E" and du/dE" as 
the derivative of u(E'). Thus Eq. (15) may be adapted to give the differ- 
ential of d(;/dE" as 

4 .a 2 
(.~.._~.) It df(K, E ") d[[n(Kao ) 2] 

d - F,/R E "  d - f ;  
( 2 0 )  

The  d e n s i t y  of the  g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h  p e r  uni t  r a n g e  of E ' ,  
df(K, E ' ) / d E ' ,  is  de f i ned  by 

df(K,E')/dE" = n~(En/R)~tn(K)12/tKao)218(En - E ") 
( 2 l )  

w h e r e  the  s u m m a t i o n  r u n s  o v e r  all e x c i t e d  s t a t e s - - d i s c r e t e  as  we l l  as  
c o n t i n u u m .  

It is  we l l  known f r o m  q u a n t u m  m e c h a n i c a l  p e r t u r b a t i o n  t h e o r y  tha t  
the  p r o b a b i l i t y  f o r  a t r a n s i t i o n  f r o m  a s t a t e  m to a s t a t e  n is  p r o p o r t i o n a l  
to the  f a c t o r  

:<nlei~ '~ '~" ;'m>J2 = I r ~ ; e i ~ ' ~ "  P '~md;12 (22) 

w h e r e  t h e  ~ ' s  a r e  the  a t o m i c  e i g e n f u n c t i o n s ,  k is the wave  p r o p a g a t i o n  
v e c t o r ,  and ~ • ~ is the  c o m p o n e n t  of the  e l e c t r o n  m o m e n t u m  ~ a long  
the  d i r e c t i o n  of p o l a r i z a t i o n  of the  i n c i d e n t  r a d i a t i o n ,  i . e . ,  the  d i r e c t i o n  
of the  e l e c t r i c  f i e ld  v e c t o r .  Usua l ly  the w a v e l e n g t h ' o f  the e m i t t e d  o r  
a b s o r b e d  r a d i a t i o n  is m u c h  g r e a t e r  t han  the d i m e n s i o n s  of the  a t o m ,  
w h e r e a s  the  wave  func t ions  a r e  n o n v a n i s h i n g  only in a r e g i o n  of the  s i z e  
of the  a t o m .  Thus ,  the quan t i ty  k • r in Eq.  (22) is s m a l l  c o m p a r e d  to  
un i ty  and f r o m  the  e x p a n s i o n  

• ;')12 
÷ • • • ( 2 3 )  21 

13 



AEDC-TR-75-77 

we can  r e p l a c e  exp ( ik  • ~) by 1. The  p r o b a b i l i t y  f o r  a t r a n s i t i o n  f r o m  
a s t a t e  m to a s t a t e  n is t h e n  a p p r o x i m a t e l y  p r o p o r t i o n a l  to 

= -~ 2 Pnm= I<nl ~ • p I,.>12 Ig • <ntplm>[ (24)  

If the  m a t r i x  e l e m e n t  in  Eq.  (24) v a n i s h e s ,  the  s e c o n d  t e r m  in the  ex -  
p a n s i o n  (Eq. (23)) m u s t  be c o n s i d e r e d .  By us ing  the  u n p e r t u r b e d  
H a m i l t o n i a n  and the  c o m m u t a t i o n  r e l a t i o n s  fo r  m o m e n t u m  and c o o r d i -  
na te  o p e r a t o r s ,  it  can be shown in g e n e r a l  tha t  the  m a t r i x  e l e m e n t  of 
the  m o m e n t u m  o p e r a t o r  in  Eq. (24) can  be r e p l a c e d  by the  m a t r i x  e l e -  
m e n t  of the c o o r d i n a t e .  As th~ d ipo le  m o m e n t  is  u sua l l y  de f i ned  by 
e <nl~lm>, it fo l lows  that  the  p r o b a b i l i t y  fo r  a t r a n s i t i o n  f r o m  a s t a t e  
m to a s t a t e  n is  p r o p o r t i o n a l  to the  d i p o l e - m a t r i x - e l e m e n t  s q u a r e d ,  
i . e . ,  

P,,,. = IA .  <nl71,.>12 (25) 

F o r  a m u l t i - e l e c t r o n  a tom,  Eq. (25) b e c o m e s  

P=. = I<nlMIm~I 2 (26) 

-p  

w h e r e  M is a v e c t o r  wi th  c o m p o n e n t s  

Z Z Z 

i~l~J~J ' j~j ~FJ' ~d  1~ ~.~.. j=] JJ 

and the  a t o m i c  e i g e n f u n c t i o n s  a r e  deno ted  by In> = IS> LL>In> and 
Ira> = ISo> ~ o  > Ino > fo r  L -S  coupl ing  and by In> = I J>  In> and kn> = IJo> Ino> 
fo r  J - J  coupl ing.  The  to t a l  q u a n t u m  n u m b e r s  (n, n o) iden t i fy  the  f ina l  
and in i t i a l  e l e c t r o n i c  s t a t e s ,  r e s p e c t i v e l y .  The  e x i s t a n c e  of n o n v a n i s h -  
i.ng v a l u e s  of the  d i p o l e - m a t r i x - e l e m e n t  of Eq.  (26) d e t e r m i n e s  the  
s e l e c t i o n  r u l e s  fo r  e l e c t r i c  d ipo le  r a d i a t i o n .  If e i t h e r  type  of coupl ing  
is  a s s u m e d ,  the  s e l e c t i o n  r u l e  for  the  to ta l  angu l a r  m o m e n t u m  is  
AJ = 0, ±1 wi th  the  r e s t r i c t i o n  that  J = 0 -~ J = 0 is not  p e r m i t t e d .  In 
a d d i t i o n ,  the  in i t i a l  and final,  s t a t e s  m u s t  have  oppos i t e  pa r i ty .  F o r  
L-S  coupl ing ,  t h e r e  is  a s t r o n g  i n t e r a c t i o n  b e t w e e n  ind iv idua l  e l e c t r o n i c  
sp in  and o r b i t a l  a n g u l a r  m o m e n t u m  v e c t o r s  to g ive  the  r e s u l t a n t  L and S 
wi th  the  s e l e c t i o n  r u l e s  ~S = 0, and ~ L  = 0, ±1. F o r  J - J  coupl ing ,  w h i c h  
is  g e n e r a l l y  p r e v a l e n t  fo r  l a r g e  Z s p e c i e s ,  t h e r e  is  a s t r o n g  i n t e r a c t i o n  
b e t w e e n  the  sp in  and o r b i t a l  a n g u l a r  m o m e n t a  of the  i nd iv idua l  e l e c t r o n  
g iv ing  the  r e s u l t a n t  to ta l  e l e c t r o n i c  a n g u l a r  m o m e n t u m  J wi th  the  s e l e c -  
t ion  r u l e  AJ  = 0, ±1 fo r  the  e l e c t r o n  w h o s e  s t a t e  is  changed .  

14 
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T r a n s i t i o n s  which  obey  the s e l e c t i o n  r u l e s  d e s c r i b e d  above a r e  
ca l l ed  e l e c t r i c  d ipole  o r  o p t i c a l l y  a l lowed  t r a n s i t i o n s ,  w h e r e a s  t h o s e  
t r a n s i t i o n s  wh ich  v io l a t e  t h e s e  r u l e s  a r e  o p t i c a l l y  f o r b i d d e n .  If bo th  
the  i n i t i a l  and f ina l  s t a t e  wave func t i on  a r e  s p h e r i c a l l y  s y m m e t r i c ,  the  
i n t e g r a l  in Eq.  (22) i s  i d e n t i c a l l y  z e r o ,  and t r a n s i t i o n s  b e t w e e n  t h e s e  
s t a t e s  a r e  s t r i c t l y  fo rb idden .  The s e l e c t i o n  r u l e s  f o r  f o r b i d d e n  t r a n -  
s i t i o n s  can  be d e t e r m i n e d  by e v a l u a t i n g  the m a t r i x  e l e m e n t s  ob ta ined  
by i nc lud ing  the  s econd  t e r m  of the e x p a n s i o n  Eq. (23). Note tha t  the  
s e l e c t i o n  r u l e s  p r e s e n t e d  h e r e  a r e  a l l  f i r s t  o r d e r  in  tha t  the  p r o b a b i l i t y  
f o r  the  t r a n s i t i o n  was  ob ta ined  f r o m  f i r s t - o r d e r  p e r t u r b a t i o n  t h e o r y .  

1.2.2 Integrated Cross Section 

The c r o s s  s e c t i o n  fo r  e x c i t a t i o n  to a s p e c i f i c  s t a t e  n of an  a t o m  or  
m o l e c u l e ,  r e g a r d l e s s  of the  angle  of s c a t t e r i n g  of an  i n c i d e n t  p a r t i c l e ,  
i s  de f ined  as  the  i n t e g r a t e d  c r o s s  s e c t i o n  of the  t r a n s i t i o n .  F o r  the  
n o n r e l a t i v i s t i c  c a s e ,  a n is  s i m p l y  an  i n t e g r a l  of d~ n, as  g i v e n  by  
Eq.  (15), o v e r  a l l  k i n e m a t i c a l l y  p o s s i b l e  v a l u e s  of the  m o m e n t u m  t r a n s -  
f e r  4~K, i . e . ,  

4~ra2o f Ka°)2m ax fn(K ) 

Ka)2.  
o-ram 

d(Kao )2 
(Kao)2 (27) 

w h e r e  ( K a o ) 2 i n  and (Kao)2max a r e  g iven  by Eq.  (18) and Eq.  (19), r e -  
s p e c t i v e l y .  

S ince  the  B o r n  a p p r o x i m a t i o n  a s s u m e s  s u f f i c i e n t l y  l a r g e  i n c i d e n t  
e l e c t r o n  k i n e t i c  e n e r g y ,  Be the  r e c o g n i z e d  the  u s e f u l n e s s  of e x p r e s s i n g  
the  c r o s s  s e c t i o n  in  t e r m s  of an a s y m p t o t i c  e x p a n s i o n  in  i n v e r s e  p o w e r s  
of e l e c t r o n  k i n e t i c  e n e r g y .  To e x p l a i n  the  g e n e r a l  f e a t u r e s  of the  
a s y m p t o t i c  e x p a n s i o n ,  we c o n s i d e r  the  g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h s  
of the  o p t i c a l l y  a l lowed h e l i u m  2 1 p  e x c i t a t i o n  (Ref. 2). A plot  of 
f n ( K ) / ( E n / R )  v e r s u s  ~n (Kao) 2 is  g i v e n  in  F ig .  1. The  i n t e g r a l  in  
Eq.  (27) i s  r e p r e s e n t e d  by the  a r e a  u n d e r  the  cu rve  l i m i t e d  by 
~n (Kao)2in... and ~n (Kao)2max . B e c a u s e  the i n t e g r a n d  d e c r e a s e s  
r a p i d l y  fo r  l a r g e  v a l u e s  of (Kao) 2, f o r  l a r g e  v a l u e s  of E,  the  u p p e r  
l i m i t  of the i n t e g r a t i o n  m a y  be a c c u r a t e l y  t a k e n  as  be ing  in f in i t e .  
F u r t h e r ,  (Kao)2min in in  g e n e r a l  s m a l l  and d e c r e a s e s  wi th  i n c r e a s i n g  E. 
Now choose  the va lue  (Kao) 2 s u c h  tha t  the  a r e a s  ABC and C D F  in  F ig .  1 
a r e  equa l .  Thus  it  b e c o m e s  obvious  tha t  the  r e q u i r e d  a r e a  i s  g i v e n  in  
the  B o r n  a p p r o x i m a t i o n  ( l a r ge  E) by  the  p roduc t  of ~n (Kao)2 - ~n (Kao)2min 
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and the dipole-matrix-element squared N~ = fn R/En which is defined 
by Eqs. (12) and (13). Analytically, 

(n(~"ao)2 = f ~  ! 4Fn (Ka° )2 ]  - - " - ~ " n  J ( ] [~n(Ka°)2]  
o n --oo ( 2 8 )  

Thus, (Kao) 2 is independent of E, and Eq. (27) becomes 

f n (Kao )Sa  x 
4na2o ~" [n(K) d[fn(Kao) 2] 

o n = ~ -J  Fn,/R "a 2 fn(K o)mm 

: ~ '~. P"I-.--~-~ l ÷ o 
L ~ ~'o)m~-I 

= ~F;/It I ~n 4RE + 0 

(29) 

0.30 

0. 15 

, . . . , .  ,,.v. 
, . . , , . .  

c 0.10 
, . , . . .  

c 

0.05 

A 

O ~ y  Allowed Transition 
(l~ao)-Z - 0. 3753 

[fnllEnlR)] max" 0. 177 

0 I I 
10-3 10-2 10-1 

(Kao)2 

11 
I 

10 

Figure 1. Momentum dependence of the generalized oscillator strength 
for the optically allowed helium 21 P excitation. 
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Fo l lowing  the  p r a c t i c e  of o t h e r  a u t h o r s  in  r e c e n t  y e a r s ,  we def ine  

(30) 

C o n s e q u e n t l y ,  the  Bethe  a s y m p t o t i c  f o r m u l a  f o r  o p t i c a l l y  a l lowed  ex-  
c i t a t i on  by e l e c t r o n  i m p a c t  is  g i v e n  by 

4rr ao2 I1 
~n = ~ Mn 2 ~n(CnE) (31) 

The o p t i c a l l y  f o r b i d d e n  exc i t a t i on ,  fo r  which  fn = 0, fo l lows  in  an 
obvious  m a n n e r .  A plot of f n ( K ) / ( E n / R )  v e r s u s  ~n(Kao) 2 fo r  the  h e l i u m  
(21S) e x c i t a t i o n  i s  shown  in F ig .  2. The a s y m p t o t i c  c r o s s  s e c t i o n  fo r  
o p t i c a l l y  f o r b i d d e n  e x c i t a t i o n s  i s  s i m p l y  

4rr a2o R 
o n _ b ~.: . (32) 

where b n is defined by 

+oo fn(K) 
bn = F d[~n(Kao)2] 

- ~  E / n  (33) 

Note tha t  the  c o n s t a n t s  bn and Cn a r e  e a c h  p r o p e r t i e s  of the  r e s p e c t i v e  
t r a n s i t i o n  to s t a t e  n and depend  upon the e x c i t a t i o n  e n e r g y  En.  

O" (]120 1 Helium 215 
b n • O. 0455 

(I oD 

~ O. 010 

I 
o 
10-2 10 "1 1 10 I~  

IKa0)2 

Figure 2. Momentum dependence of the generalized oscillator strength 
for the optically forbidden helium 21 S excitation. 
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For  exc i ta t ion  to continua,  the in teg ra ted  c ros s  sec t ion  du /dE"  per  
unit  r ange  of exc i ta t ion  energy  E ' ,  using the d i f f e ren t i a l  g e n e r a l i z e d  
o s c i l l a t o r  s t r eng th  df(K, E ' ) / d E "  in place of fn(K), is defined by an equa-  
t ion s i m i l a r  to  Eq. (27). The Bethe p rocedu re  then leads  to 

dE" a(¢ E "E) 
(34) 

where  d f /dE"  = [df(K, E ' ) / d E "  ~ = 0  is the d i f f e ren t i a l  opt ica l  o s c i l l a t o r  
s t r eng th  and C E .  is defined by Eqs.  (28) and (30) a f te r  r e p l a c e m e n t  of 

fn(K) by df(K, S ' ) / d E ' .  

The ion iza t ion  c ros s  sec t ion  for  an atom, which is obtained by in te -  
g ra t ing  Eq. (34) over  the cont inuum ene rgy  E ' ,  is given by 

o i ~ Mi 2 En(CiE) 
(35) 

where  

Mi2= J'°O~(E')/-~--,~/d--.~-, ) dE" 
I1 (36) 

and 

o o  , R df 

(37) 

The quant i ty  M~, which is r e l a t e d  to the d i s t r ibu t ion  of the opt ica l  
o s c i l l a t o r  s t reng th ,  is ca l led  the ef fec t ive  d i p o l e - m a t r i x - e l e m e n t  
squared  for  ioniza t ion .  Since va r ious  p r o c e s s e s ' c a n  occur  as a r e s u l t  
of ene rgy  t r a n s f e r  E" in a s ingle  co l l i s ion ,  the quant i t ies  Mi 2 and C i a r e  
e x p r e s s e d  containing r;(E'), which is defined as the e f f ic iency  for  ion i -  
za t ion  at exc i ta t ion  ene rgy  E ' .  

1.2.3 Molecular Excitation Cross Sections 

When applying the d i f fe ren t i a l  c ros s  sec t ion  f o r m u l a  Eq. (15) to 
mo le cu l e s ,  the symbol  o or  n r e p r e s e n t s  a se t  of quantum n u m b e r s  
( e l ec t ron ic ,  v ib ra t iona l ,  and ro ta t iona l )  which des igna tes  a m o l e c u l a r  
s ta te ,  and the quanti ty len(K)L 2 r e q u i r e s  f u r t h e r  spec i f i ca t ion  to include 
the m o l e c u l a r  i n t e rna l  deg rees  of f r eedom.  For  a d i a tomic  molecu le ,  
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the  f ina l  s t a t e  is  s p e c i f i e d  by the  e l e c t r o n i c  quan tum n u m b e r  n, v ib -  
r a t i o n a l  q u a n t u m  n u m b e r  v, and r o t a t i o n a l  quan tum n u m b e r s  J and M, 
wi th  c o r r e s p o n d i n g  in i t i a l  s t a t e  quan tum n u m b e r s  n o, v o, Jo ,  and Mo. 
By a s s u m i n g  the  B o r n - O p p e n h e i m e r  s e p a r a t i o n  b e t w e e n  the  e l e c t r o n i c  
and n u c l e a r  m o t i o n s  and n e g l e c t i n g  the  r o t a t i o n a l - v i b r a t i o n a l  coupl ing ,  
the  f ina l  s t a t e  wave  func t ion  is  

~'.,,jr,~ = ~,,(;'~,~)×,,,,(p)YjM(e,'~) 
( 3 8 )  

and that  of the  in i t i a l  s t a t e  is  

noVoJoM ° = ~:no(~i,P) Xnovo(P)Y.JoMo(O.(D) ( 39 )  

w h e r e  the  ~ 's  a r e  e l e c t r o n i c  wave func t i ons  d e p e n d i n g  on the  c o o r d i n a t e  
~i(i  = 1, 2, . . .  Z) of al l  the  m o l e c u l a r  e l e c t r o n s  and on the  n u c l e a r  
c o o r d i n a t e s  ~(p, 0, ¢)0 the  X's a r e  the  v i b r a t i o n a l  w a v e f u n c t i o n s  d e p e n d -  
Lug on the  i n t e r n u c l e a r  d i s t a n c e  p, and the  Y ' s  a r e  s p h e r i c a l  h a r m o n i c s .  
The f o r m  f a c t o r  fo r  the  t r a n s i t i o n  is  t h e n  g i v e n  by 

, • MnoVo(P)YJoMo(O,dp)p2dpd(cos ~(K;n,v,J,M ,- no,Vo,Jo,M o) = fXnv(p)YjM(O,dP)en(K;p,O,dP) 9 ) d ~  

( 4 0 )  

w h e r e  ~n(K;p, e ,  *) is  the  e l e c t r o n i c  p a r t  de f ined  by 

z 

Since  r o t a t i o n a l  l e v e l  s p a c i n g s  of m o l e c u l e s  a r e  m u c h  s m a l l e r  t han  the  
e n e r g y  r e s o l u t i o n  of m o s t  c o l l i s i o n  e x p e r i m e n t s ,  t hey  a r e  t r e a t e d  as  
e f f e c t i v e l y  d e g e n e r a t e  and, t h e r e f o r e ,  s u m m e d  o v e r  a l l  J and M and 
a v e r a g e d  o v e r  Jo  and M o. The r e s u l t i n g  s q u a r e d  f o r m  f a c t o r  f o r  the  
t r a n s i t i o n  f r o m  the  v i b r a t i o n a l  l e v e l  v o in  the  in i t i a l  e l e c t r o n i c  s t a t e  n o 
to the  v i b r a t i o n  l e v e l  v in the f ina l  e l e c t r o n i c  s t a t e  n is  t h e n  ob t a ined  by 
u s ing  the  c l o s u r e  p r o p e r t y  of s p h e r i c a l  h a r m o n i e s  as 

len(K; v Vo)l 2 (4~) "] ffd(cos O)d~ ]fx*nv(p)%(K;p,O,~) Xnovo(P)p2~l 2 '- = • ( 4 2 )  

Note th i s  r e s u l t  shows  that  ICn(K;v ~ vo)l 2 is  equa l  to the  a v e r a g e  of the  
s q u a r e d  f o r m  f a c t o r  e v a l u a t e d  fo r  al l  p o s s i b l e  m o l e c u l a r  o r i e n t a t i o n s .  
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Since ~n(K;p, 8, $) is g e n e r a l l y  a m o r e  s lowly  v a r y i n g  func t ion  of p 
than are the vibrational wave functions, Cn(K;p , 8, ~) may be replaced 
by its value ~n(K;~, e, ~) at a representative p value of ~, which may be 
taken as the equilibrium internuclear distance Pe if Vo = 0. Physically, 
this means that the nuclei do not move appreciably in the period during 
which electrons undergo a transition under the i.ffluence of the incident 
electron. Thus, Eq. (42)becomes 

. *( 2 
]~n(K; v "- Vo)[" = (4rt)'lf[d(cosO)dC~l~nK;-p,O,O)[21fXnvP)Xnovo(p)p2dp] (43) 

Note that  the  f i r s t  f a c t o r  in Eq. (43) d e a l s  p r i m a r i l y  with the  e l e c t r o n i c  
mo t io n ,  and thus  may  be ca l l ed  the e l e c t r o n i c  f o r m  f a c t o r  s q u a r e d ;  
w h e r e a s  the  s e c o n d  d e a l s  e x c l u s i v e l y  wi th  the  n u c l e a r  v i b r a t i o n  and is 
i d e n t i c a l  to the  F r a n c k - C o n d o n  f a c t o r  and is  wel l  known in m o l e c u l a r  
s p e c t r o s c o p y .  App l i ca t i ons  of the F r a n c k - C o n d o n  p r i n c i p l e  wi l l  be 
shown  l a t e r  in th is  s ec t i on .  

The  d i f f e r e n t i a l  c r o s s  s e c t i o n  equa t ion  fo r  m o l e c u l a r  e l e c t r o n  ex -  
c i t a t i on  to s t a t e  n is  the s a m e  as in the  a t o m i c  c a s e  (Eq. (15)) with the  
f o r m  f a c t o r  in the  g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h  (Eq. (11)) r e d e f i n e d  
by Eq. (43) and n r e d e f i n e d  to inc lude  the e n t i r e  se t  of m o l e c u l a r  quan-  
t u m  n u m b e r s .  Apply ing  th is  r e i n t e r p r e t a t i o n  of the  f o r m  f a c t o r  and n 
to Eq.  (20) g ives  the  d i f f e r e n t i a l  of the  c r o s s - s e c t i o n  d e n s i t y  pe r  uni t  
r a n g e  of E" fo r  e x c i t a t i o n  to cont inua .  

The i n t e g r a t e d  c r o s s  s e c t i o n  fo r  m o l e c u l a r  e x c i t a t i o n  to s t a t e  n, 
w h e r e  n con ta ins  the  r e q u i r e d  se t  of m o l e c u l a r  quan tum n u m b e r s ,  is 
g i v e n  by Eq. (27) if the  g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h ,  o r  the  f o r m  
f a c t o r ,  is  r e d e f i n e d  by Eq. (43). The  Be the  p r o c e d u r e  t h e n  l e a d s  to 
an equa t ion  i d e n t i c a l  in f o r m  to Eq. (31) fo r  op t i ca l ly  a l lowed  t r a n s i t i o n s  
and to Eq. (32) fo r  op t i ca l ly  f o r b i d d e n  t r a n s i t i o n s .  The s e l e c t i o n  r u l e s  
fo r  t h e s e  t r a n s i t i o n s  a r e  ob ta ined  jus t  as in  the  a t o m i c  ca se  by e v a l u a t i n g  
the  m a t r i x  e l e m e n t s  of the  e l e c t r i c  d ipo le  m o m e n t  and a r e  d e s c r i b e d  in  
de t a i l  by H e r z b e r g  (Ref. 3). 

F o r  exc i t a t i on  to cont inua ,  the i n t e g r a t e d  c r o s s  s e c t i o n  d ~ / d E "  pe r  
unit  r a n g e  of exc i t a t i on  e n e r g y  E ' ,  u s ing  the  r e i n t e r p r e t e d  d i f f e r e n t i a l  
g e n e r a l i z e d  o s c i l l a t o r  s t r e n g t h  fo r  m o l e c u l a r  p r o c e s s e s  df(K, E ' ) / d E "  
i n s t e a d  of fn(K), is de f ined  by an equa t ion  s i m i l a r  to Eq.  (27). The  
Be the  p r o c e d u r e  then  l e a d s  to an e q u a t i o n  i d e n t i c a l  in f o r m  to Eq.  (34) 
fo r  e x c i t a t i o n  to cont inua.  

F o r  an a tom,  e x c i t a t i o n  is  g e n e r a l l y  to a s p e c i f i c  s t a t e  by an 
a l lowed  or  f o r b i d d e n  t r a n s i t i o n  or  to cont inua  as an i o n i z a t i o n  p r o c e s s  
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with  i n t e g r a t e d  c r o s s  s e c t i o n s  d e s c r i b e d  by Eq. (31), (32), and (35), 
r e s p e c t i v e l y .  Fo r  a m o l e c u l e ,  add i t iona l  e x c i t a t i o n  c h a n n e l s  a r e  open  
fo r  e a c h  e l e c t r o n - m o l e c u l e  co l l i s ion ;  t h e s e  can  be s u m m a r i z e d  by t h r e e  
b a s i c  d i a g r a m s  that  a l so  s e r v e  to i l l u s t r a t e  the  c o n s e q u e n c e  of the  
F r a n c k - C o n d o n  p r i n c i p l e  (Ref. 3). In Fig .  3, the  l o w e r  c u r v e s  r e p r e -  
s en t  the in i t i a l  s t a t e  of the m o l e c u l e .  By a s s u m i n g  the  F r a n c k - C o n d o n  
p r i n c i p l e ,  the t r a n s i t i o n  t a k e s  p l ace  so qu ick ly  that  the  n u c l e i  do not  
have t i m e  to m o v e  an a p p r e c i a b l e  d i s t a n c e ,  and s i n c e  the n u c l e a r  s e p a -  
r a t i o n  in  the  l o w e r  v i b r a t i o n a l  l e v e l  wi l l  e f f e c t i v e l y  l i e  b e t w e e n  a and b, 
the  u p p e r  s t a t e  of the  m o l e c u l e  wi l l  be r e p r e s e n t e d  by po in ts  l y ing  b e -  
t w e e n  c and d on the  u p p e r  cu rve .  

(a) (c) 
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Nuclear Separation Nuclear Separation Nuclear Separation 

Figure 3. Molecular electronic transitions illustrating the 
consequences of the Franck-Condon principle. 

F i g u r e  3a ~ l lus t r a t e s  e x c i t a t i o n  to a s t ab l e  m o l e c u l a r  s t a t e ,  and 
Fig.  3c shows  e x c i t a t i o n  to con t inua  r e s u l t i n g  in d i s s o c i a t i o n  of the  
m o l e c u l e ,  whi le  Fig.  3b is  a m i x t u r e  of e x c i t a t i o n s  l e a d i n g  to s t ab l e  
m o l e c u l e s  and to d i s s o c i a t i o n .  S i m i l a r l y ,  i o n i z a t i o n  of a m o l e c u l e  
can  be d e s c r i b e d  u s ing  Fig.  3 w h e r e  the  u p p e r  po ten t i a l  e n e r g y  c u r v e  
c o r r e s p o n d s  to an e l e c t r o n i c  s t a te  of the m o l e c u l a r  ion. When  a t o m i c  
e x c i t a t i o n s  r e s u l t i n g  f r o m  the d i s s o c i a t i o n  of a m o l e c u l e  a r e  of i n t e r e s t ,  
m a n y  m o r e  e x c i t a t i o n  channe l s  b e c o m e  ava i l ab l e  thus f u r t h e r  c o m p l i -  
ca t ing  the  a n a l y s i s .  

Fortunately, these many types of molecular excitations can be de- 
scribed by relatively few equations. For optically allowed excitations, 
the integrated cross section is given by 
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4rra2ol| 
° u  = E x"12n Pn(CuE) 

(44) 

wh ich  is  i d e n t i c a l  in  f o r m  to Eq.  (31) fo r  a t o m i c  p r o c e s s e s .  F o r  ex -  
c i t a t ion  to a s t a b l e  m o l e c u l a r  s t a t e  n, 1VI2n is r e l a t e d  to the op t ica l  

o s c i l l a t o r  s t r e n g t h  fn by N~ = f n ( R / E  n) w h e r e  E n is  the  e x c i t a t i o n  
e n e r g y .  In the  c a s e  of d i s s o c i a t i v e  e x c i t a t i o n  to the  a t o m i c  s t a t e  n, 
N~ is  r e l a t e d  to the  op t ica l  o s c i l l a t o r  s t r e n g t h s  of al l  d ipo le  t r a n s i t i o n s  
to m o l e c u l a r  s t a t e s  which  l e a d  to f o r m a t i o n  of the  p a r t i c u l a r  s t a t e  n and 
is g iven  by 

, R df  

. ( 4 5 )  

w h e r e  E" is  the  e x c i t a t i o n  e n e r g y  t r a n s f e r r e d  to the  m o l e c u l e ,  E n is  
the  t h r e s h o l d  e n e r g y  fo r  the  p r o c e s s  under, c o n s i d e r a t i o n ,  ~n(E')  is the  
p r o b a b i l i t y  that  the  i n t e r m e d i a t e  m o l e c u l a r  s t a t e s  wi l l  d i s s o c i a t e  in to  
the  p a r t i c u l a r  a t o m i c  s t a t e  n, and d f / d E "  is the  d i f f e r e n t i a l  op t ica l  
o s c i l l a t o r  s t r e n g t h .  The  r e m a i n i n g  coe f f i c i en t  C n in  the c r o s s - s e c t i o n  
f o r m u l a  is  obv ious ly  de f ined  by 

• R df  

. ( 4 6 )  

F o r  ion iza t ion ,  the  f a c t o r  ~n(E' )  n e e d  only be r e d e f i n e d  as the  p r o b a b i l -  
i ty tha t  the  m o l e c u l e  i o n i z e s  upon r e c e i v i n g  an e n e r g y  t r a n s f e r  E ' .  

F o r  op t i ca l ly  f o r b i d d e n  e x c i t a t i o n s ,  the i n t e g r a t e d  c r o s s  s e c t i o n  is  
g i v e n  by 

grra2oR 

On - E bn (47) 

w h e r e  b n is  a cons tan t  r e l a t e d  by Eq. (33) to the  g e n e r a l i z e d  o s c i l l a t o r  
s t r e n g t h  d e f i n ed  in  t e r m s  of the m o l e c u l a r  f o r m  f ac to r .  In the  c a s e  of 
d i s s o c i a t i v e  e x c i t a t i o n  to the a t o m i c  s t a t e  n, b n is  a cons t an t  d e p e n d i n g  
on the  s u m  of al l  op t i ca l ly  f o r b i d d e n  p r o c e s s e s  l e a d i n g  to f o r m a t i o n  of 
a t o m s  in s t a t e  n. 

W h e n e v e r  the c r o s s  s e c t i o n s  a r e  p lo t t ed  in  the  f o r m  c;E/(4~ra2R) 
v e r s u s  ~n E (B e t he  plot) ,  the op t i ca l ly  a l lowed ,  op t i ca l ly  f o r b i d d e n ,  and 
sp in  f o r b i d d e n  e x c i t a t i o n s  have c u r v e s  wi th  p o s i t i v e ,  z e r o ,  o r  n e g a t i v e  
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s lope ,  r e s p e c t i v e l y .  The s l o p e s  of t h e s e  l i n e s  a r e  r e l a t e d  to M n and 
the  i n t e r c e p t s  to C n. It is g e n e r a l l y  found that  fo r  op t i ca l ly  a l l owed  
p r o c e s s e s  Cn has  a va lue  n e a r  one and fo r  op t i ca l ly  f o r b i d d e n  p r o c e s s e s  
Cn >> 1 (Ref. 4). 

In s u m m a r y ,  to enab l e  the  k n o w l e d g e a b l e  d e s i g n  of e l e c t r o n  b e a m  
s y s t e m s  f o r  i n v e s t i g a t i o n s  of flow f i e l d s  of s u c h b i n a r y  m i x t u r e s  as 
N 2 / H e  and N2/NO,  it is  d e s i r e d  to e x p e r i m e n t a l l y  d e t e r m i n e  the  func -  
t i ona l  d e p e n d e n c e  on e n e r g y  ( see  Eqs .  (44) and (47)) of v a r i o u s  d i s s o c i -  
a t ive  e x c i t a t i o n  p r o c e s s e s  of e l e c t r o n - N 2  and -NO c o l l i s i o n s .  F u r t h e r ,  
the  v a r i a t i o n  of the  e l e c t r o n - b e a m - i n d u c e d  f l u o r e s c e n c e  i n t e n s i t y  wi th  
both  b e a m  c u r r e n t  and m o l e c u l a r  s p e c i e  d e n s i t y  is  to be i n v e s t i g a t e d  
u n d e r  such  e x p e r i m e n t a l  cond i t ions  as to p r e c l u d e  c o l l i s i o n a l  q u e n c h i n g  
e f f ec t s .  The  e x p e r i m e n t a l  a p p a r a t u s  u s e d  fo r  t h e s e  p u r p o s e s  i s  d e -  
s c r i b e d  in the  fo l lowing  s e c t i o n .  

2.0 EXPERIMENTAL APPARATUS 

2.1 VACUUM CHAMBER AND GAS SUPPLY 

The v a c u u m  c h a m b e r  was a s t a i n l e s s  s t e e l  c y l i n d r i c a l  v e s s e l  of 
26 .5  cm i n s i d e  d i a m e t e r  and 45 c m  leng th .  I n t e r i o r  to the  v a c u u m  
c h a m b e r  was  i n s t a l l e d  a c y l i n d r i c a l  c o p p e r  cool ing  l i n e r  wh ich  was 
a l igned  both  ax ia l ly  and r a d i a l l y  wi th  the v a c u u m  c h a m b e r .  The  coo l ing  
l i n e r  was  of 22 c m  in s ide  d i a m e t e r ,  e x t e n d e d  the  l e n g t h  of the  v a c u u m  
c h a m b e r ,  and was he ld  in p l ace  by s e v e r a l  s e t  s c r e w s .  The coo l ing  
l i n e r  had t h r e e  2 . 5 - c m - d i a m  a c c e s s  po r t s ,  one of wh ich  was  u s e d  fo r  
the e l e c t r o n - b e a m  i n j e c t i o n  o r i f i c e .  The r e m a i n i n g  two p o r t s  w e r e  
a v a i l a b l e  fo r  op t ica l  d e t e c t i o n  of the  e l e c t r o n - b e a m  f l u o r e s c e n c e  and 
w e r e  a l i g ned  wi th  the qua r t z  op t i ca l  window of the  v a c u u m  c h a m b e r .  
The  v a c u u m  c h a m b e r  was e s s e n t i a l l y  tha t  of Ref.  5. 

The  c o p p e r  l i n e r  t e m p e r a t u r e  was  d e t e r m i n e d  by a c o p p e r -  
c o n s t a n t a n  t h e r m o c o u p l e  a t t a ched  to the  l i n e r ,  and the  o b s e r v e d  v a r i -  
a t ion  of l i n e r  t e m p e r a t u r e  was  l e s s  than  0 .5  K. 

C h a m b e r  pumping  was  p r o v i d e d  by a i 0 . 2 - c m - d i a m  oil  d i f fus ion  
pump with  a w a t e r - c o o l e d  baff le ,  p r o v i d i n g  c h a m b e r  p r e s s u r e s  of l e s s  
than  10 -6 t o r r .  The baff le  cool ing  s o u r c e  was l a t e r  changed  f r o m  w a t e r  
to a F r e o n  ® r e f r i g e r a t o r  to f u r t h e r  r e d u c e  d i f fus ion  pump b a c k s t r e a m i n g .  
The  c h a m b e r  p r e s s u r e  was  c o n t r o l l e d  by v a r y i n g  the  m a s s  flow r a t e  
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t h r o u g h  the  s y s t e m  u s i n g  bo th  a n e e d l e  v a l v e  and a G r a n v i l l e - P h i l l i p s  
l e a k  v a l v e  at the  i n l e t  of the  g a s  to  the  c h a m b e r  and  a l s o  by a d j u s t i n g  
the  g a t e  v a l v e  o p e n i n g  to  the  1 0 . 2 - c m  d i f f u s i o n  p u m p  at the  c h a m b e r  
ex i t .  

An NRC Mode l  820 A l p h a t r o n  ® g a g e  m o n i t o r e d  the  p r e s s u r e  at a 
po in t  b e t w e e n  the  c o p p e r  l i n e r  and  c h a m b e r  wal l ;  a c a l i b r a t e d  MKS 
B a r a t r o n  was  u s e d  to  d e t e r m i n e  the  s c a t t e r i n g  ce l l  p r e s s u r e  f o r  the  
r e l a t i v e  i n t e n s i t y  m e a s u r e m e n t s .  

The  m e c h a n i c a l  p u m p  e x h a u s t  was  v e n t e d  to the  a t m o s p h e r e  t h r o u g h  
a 1 . 2 7 - c m - d i a m  c o p p e r  t u b e .  To  avo id  back  p r e s s u r e  on the  m e c h a n i c a l  
p u m p  and to  d i l u t e  the  c o n c e n t r a t i o n  of NO in the  v e n t  t ube ,  an  i n j e c t o r  
n o z z l e  was  a t t a c h e d  to the  p u m p  ven t  c o n n e c t i o n ,  and  h i g h - p r e s s u r e  d r y  
n i t r o g e n  was  u s e d  to  p u r g e  the  v e n t i n g  tube .  

2.2 ELECTRON GUN SYSTEM 

T h e  e l e c t r o n  gun ,  w h i c h  was  the  s a m e  as  u s e d  f o r  the  m e a s u r e m e n t s  
r e p o r t e d  in  Ref .  5, was  a t e l e v i s i o n  t y p e ,  o x i d e - c o a t e d  c a t h o d e  m o d e l  
and  t y p i c a l l y  p r o v i d e d  a s t e a d y  1 . 5 -  to  3 . 0 - m A  c u r r e n t  f o r  10 to 30 h r .  
A U n i v e r s a l  V o l t r o n i c s  h i g h - v o l t a g e  p o w e r  s u p p l y  wi th  a 0 . 0 1 - p e r c e n t  
r i p p l e  f i l t e r  p r o v i d e d  a n e g a t i v e  p o t e n t i a l  of 4 to  20 k V  to the  e l e c t r o n  
gun  c a t h o d e .  The  h igh  v o l t a g e  p o w e r  s u p p l y ,  w h i c h  was  c a l i b r a t e d  
u s i n g  a s e c o n d a r y  s t a n d a r d  W e s t o n  a m m e t e r  and c a l i b r a t e d  Mr2 r e s i s t o r s ,  
had  an  e r r o r  of l e s s  t h a n  5 p e r c e n t  b e t w e e n  4 and 7 kV and l e s s  t h a n  
2 p e r c e n t  above  7 k V  as  s h o w n  in F ig .  4. T h e  f i l a m e n t  and a c c e l e r a t o r  
p o w e r  s u p p l y  s h o w n  in  F ig .  5 was  d e s i g n e d  to r e p l a c e  b a t t e r i e s  u s e d  
p r e v i o u s l y  and to  a l low i m m e r s i o n  in o i l ,  w h i c h  p e r m i t t e d  o p e r a t i o n  up  
to  50 kV w i t h o u t  a r c i n g  and c o r o n a  e f f e c t s .  

M a g n e t i c  co i l s  s i t u a t e d  n e a r  the  e l e c t r o n  gun  c a t h o d e  p r o v i d e d  f o r  
e l e c t r o n  b e a m  f o c u s  at  and d e f l e c t i o n  abou t  the  1 . 3 - m m - d i a m  o r i f i c e ,  
w h i c h  was  s i t u a t e d  a p p r o x i m a t e l y  56 c m  f r o m  the  gun  c a t h o d e  and  
l o c a t e d  j u s t  i n t e r i o r  to  t he  v a c u u m  c h a m b e r  as  s h o w n  in  F ig .  6. A 
1 0 . 2 - c m  oi l  d i f f u s i o n  p u m p  wi th  a w a t e r - c o o l e d ,  and l a t e r  F r e o n -  
r e f r i g e r a t o r - c o o l e d ,  ba f f l e  m a i n t a i n e d  the  d i f f e r e n t i a l l y  p u m p e d  d r i f t  
t ube  s e c t i o n  at a p r e s s u r e  of l e s s  t h a n  10 -5 t o r t  w h e n  the  c h a m b e r  p r e s -  
s u r e  was  2 x 10 -3 t o r r .  
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The e l e c t r o n  b e a m  F a r a d a y  cup c o l l e c t o r  c o n s i s t e d  of a w a t e r -  
coo led ,  4 . 1 - c m - d i a m  r i g h t - a n g l e  e lbow c o p p e r  c y l i n d e r  and two s c r e e n  
g r i d s  wi th  1 . 9 - c m - d i a m  e n t r a n c e  h o l e s ,  the s e c o n d  of wh ich  was  b i a s e d  
at -30 v f o r  the  s u p p r e s s i o n  of s e c o n d a r y  e l e c t r o n s .  The in i t i a l  c o l l e c t -  
ing s u r f a c e  was  i n c l i n e d  at an ang le  of 45 deg to the b e a m  d i r e c t i o n  and,  
t h e r e f o r e ,  e x t e n d e d  f r o m  2 .5  to 4. 1 c m  below the top g r id .  M e a s u r i n g  
f r o m  the  c e n t e r  of the i n c l i n e d  s u r f a c e ,  the c y l i n d e r  e x t e n d e d  12 .7  c m  
to c o l l e c t  s c a t t e r e d  e l e c t r o n s .  This  p a r t i c u l a r  c o n f i g u r a t i o n  of the  
F a r a d a y  cup was  n e c e s s a r y  to p r o v i d e ,  wi th in  the s p a c e  l i m i t a t i o n s  of 
the c h a m b e r ,  an adequa t e  l e n g t h - t o - d i a m e t e r  r a t i o  of the c o l l e c t o r  to 
m i n i m i z e  r e f l e c t i v e  l o s s  of the e l e c t r o n  b e a m  on inpac t  wi th  the  c o l l e c t o r .  
The i n t e r i o r  s u r f a c e s  of the  F a r a d a y  cup w e r e  coa t ed  wi th  Aquadag  ® ,  a 
c o l l o i d a l  g r a p h i t e  s u s p e n s i o n .  The  b e a m  c u r r e n t  c o l l e c t e d  by the  
F a r a d a y  cup was  d e t e r m i n e d  by m e a s u r i n g  the po ten t i a l  d r o p  a c r o s s  a 
10-k[2 r e s i s t o r  with an NLS Model  481 d ig i t a l  v o l t m e t e r ,  w h i c h  was  l a t e r  
r e p l a c e d  with  a Hea thk i t  Model  IM-102 m u l t i m e t e r .  

2.3 OPTICS AND DETECTORS 

The op t i ca l  a r r a n g e m e n t  e m p l o y e d  fo r  t h e s e  m e a s u r e m e n t s  is shown  
in F ig .  6. The 1 0 - c m - d i a m  g l a s s  l en s  had a foca l  l e n g t h  of 25 .54  c m ,  
and the o v e r a l l  op t i ca l  m a g n i f i c a t i o n  of the  s y s t e m  was  1 .0 .  A 0 . 5 - m  
J a r r e l l  Ash s c a n n i n g  s p e c t r o m e t e r  was  e m p l o y e d  with an l l 8 0 - g r o o v e / m m  
g r a t i n g  b l a z e d  at 5000 ~ ,  and the r e c i p r o c a l  l i n e a r  d i s p e r s i o n  was  
16 A / m m .  The  s p e c t r o m e t e r  was  m o u n t e d  on i ts  s ide  with the e n t r a n c e  
s l i t  of the s p e c t r o m e t e r  i m a g e d  onto the c h a m b e r  c e n t e r l i n e  s u c h  tha t  the 
s l i t  l eng th  was  p e r p e n d i c u l a r  to the e l e c t r o n  b e a m  d i r e c t i o n .  

An EMI  6256S p h o t o m u l t i p l i e r  tube of S-11 s p e c t r a l  r e s p o n s e  was  
u s e d ,  and the o p e r a t i n g  vo l t age  of 1500 v was  supp l i ed  by a F l u k e  Mode l  
405B, h i g h - v o l t a g e  p o w e r  supply .  The  p h o t o m u l t i p l i e r  tube t e m p e r a -  
t u r e  was  m a i n t a i n e d  n e a r  -32°C, u s ing  g a s e o u s  N 2 cool ing ,  fo r  the  p u r -  
poses  of r e d u c i n g  the d a r k  count  and i n c r e a s i n g  the o v e r a l l  s i g n a l - t o -  
no i se  r a t i o  of the  tube (Refs .  6 and 7). The  d a r k  count  was  n o r m a l l y  one 
count  p e r  s e c o n d  at th is  o p e r a t i n g  t e m p e r a t u r e .  

The  r e l a t i v e  s p e c t r a l  s e n s i t i v i t y  of the s y s t e m  was  d e t e r m i n e d  by 
p l ac ing  a GE 3 0 A - T 2 4 - 1 7  t u n g s t e n  s.trip l a m p  at the o b s e r v a t i o n  v o l u m e  
and r e c o r d i n g  the  s y s t e m  r e s p o n s e  as a func t ion  of w a v e l e n g t h .  The  
s p e c t r a l  r a d i a n c e  N~. (~., T B) of the l a m p  o p e r a t i n g  at a t r u e  l a m p  t e m -  
p e r a t u r e  T with  e m i s s i v i t y  ¢ (k ,  T) and l a m p  t r a n s m i s s i v i t y  T is  g i v e n  by 
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\A(A.'113) = r e(A,'[3 NA(A,'I'), watts"cm2-sr-cm 

or in terms of the photon rate 

NX(A,T B) ffi NA(A.TB) "(hA "c) 

(48) 

w h e r e  ~ is the w a v e l e n g t h  of the r a d i a t i o n  and T B is the  b r i g h t n e s s  
t e m p e r a t u r e  of the  l amp .  It is  s e e n  f r o m  Eq. (48) that  T B is  the  t e m -  
p e r a t u r e  of a b lackbody which  e m i t s  the  s a m e  r a d i a n t  i n t e n s i t y  at X as 
does  the t u n g s t e n  s u r f a c e  at t e m p e r a t u r e  T. 

Using  the P l anck  r a d i a t i o n  law the  s p e c t r a l  r a d i a n c e  is g i v e n  by 

= CIA-S[exp(C2/AT B) - l] -1 'cm2"sr'cm (49) 

(49) in the 

NA(A,'I" B) , watts 

By assuming large values of C2/~T B, one can write Eq. 
Wien law approximation as 

NA(A,T B) = CI A'5 exp [ -C2 /AT B] (50 )  

Consequen t ly ,  Eq.  ( 4 8 ) b e c o m e s  

CIA. "5 ex D (-C2"A'l" B) = r~(X.T) • CiX-5[exp (C2"AT) - ]]'] (51) 

By using the Wien law approximation, Eq. (51) can be written as 

I /T  = I ' T  B + (A,'C 2)~n[r~(A,T)] ( 52 )  

O 

The emissivity data of DeVos (Ref. 8) show that, for ~. = 6500 A, the 
pyrometer wavelength ¢(650 nm, T) can be written as 

~(650 nm,T) = e(650 nm,2400) + [(T - 2200)'200][e(650 nm,2~N) - e(650 nm,240N)] (53 )  

fo r  2200 < T < 2400 K. S ince  ~r fo r  the  fu sed  s i l i c a  s t r i p  l a m p  window 
is  known to be 0 .93  (Ref. 9), Eqs .  (52) and (53) can be s o l v e d  i t e r a -  
t i ve ly  fo r  the t r u e  l a m p  t e m p e r a t u r e  T once  the  b r i g h t n e s s  t e m p e r a t u r e  
is  d e t e r m i n e d  u s ing  a p y r o m e t e r .  Using the  t r u e  t e m p e r a t u r e  T p r o -  
duces  the  s p e c t r a l  r a d i a n c e  of the  l a m p  of 
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N£ = re(k,T) • CIA'S[exp(C2/AT) - 1] "1 (54) 

The  cons t an t s  C1 and C 2 a r e  

C] = 1.1909 x 10 -12, vatt-cm2/sr 

C 2 = 1.4380 , cm-K 

The r e l a t i v e  s p e c t r a l  s e n s i t i v i t y  S(X) of the  s y s t e m  is  de f ined  as  

the  r a t i o  of the  s y s t e m  r e s p o n s e  t r e l  n o r m a l i z e d  by the  l a m p  r a d i a n c e  -(X) 

N l and the maximum value of trel1~t for the spectral range studied; ~(~),~'~ 

i.e., 

S(A) rtrel re] , 
= L'(A)/NA]/[I(X) / NA]max (55) 

The  r e l a t i v e  s p e c t r a l  s e n s i t i v i t y  S(1) was d e t e r m i n e d  b y  p e r f o r m i n g  r e l a -  
t ive  i n t e n s i t y  m e a s u r e m e n t s  of t h e  l a m p  output at 50-A i n t e r v a l s  o v e r  the 
s p e c t r a l  r a n g e  of 3500 to 6550 A us ing  200-pro  s p e c t r o m e t e r  s l i t  w id ths  
and two n e u t r a l  d e n s i t y  f i l t e r s  of known t r a n s m i s s i o n  f a c t o r s .  The  s t r i p  
l a m p  was  p o w e r e d  by an EG and G Model  590-11 power  supply  o p e r a t e d  
at 30 a m p  and 6 v. Th i s  supply p r o v i d e s  a c h o p p e r - s t a b i l i z e d ,  1-kHz 
s q u a r e - w a v e  output which  is  f e e d b a c k  r e g u l a t e d  to  wi th in  0 .25  p e r c e n t  
r m s  of the s e l e c t e d  va lue  which  p r o v i d e s  con t ro l  of the  l a m p  output to 
wi th in  1 p e r c e n t .  A c a l i b r a t e d  L and N op t i ca l  p y r o m e t e r  was  u s e d  to 
d e t e r m i n e  the  b r i g h t n e s s  t e m p e r a t u r e  T B of the  l a m p  which  was 2141 + 6 K 
fo r  t h e s e  c a l i b r a t i o n s .  An i t e r a t i v e  c o m p u t e r  c a l c u l a t i o n  was u s e d  fo r  
Eqs .  (52) to (54) to d e t e r m i n e  S(A) g i v e n  by Eq.  (55), and S(A) fo r  the  
s y s t e m  as  shown in Fig .  7. It i s  e s t i m a t e d  tha t  the  r e l a t i v e  S(X) v a l u e s  
a r e  d e t e r m i n e d  to wi th in  an i n a c c u r a c y  of 1 to 2 p e r c e n t .  

2.4 PHOTON COUNTING SYSTEM 

The photon  count ing  s y s t e m ,  which  was the  s a m e  as that  r e p o r t e d  
in Ref.  5, c o n s i s t e d  of the  fo l lowing  ORTEC a p p a r a t u s :  Model  454 
T i m i n g  F i l t e r  A m p l i f i e r ,  Model  436 100 MHz D i s c r i m i n a t o r ,  and 
Model  715 Dual  C o u n t e r / T i m e r .  F i g u r e  8 shows  a b lock d i a g r a m  of the  
s y s t e m .  
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The 715 c o u n t e r / t i m e r  i n c l u d e s  dual  c o u n t e r s ,  one of which,  in 
con junc t ion  wi th  a p r e c i s e  i n t e r n a l  o s c i l l a t o r ,  m a y  be p r e s e t  fo r  an 
a c c u r a t e  count ing  i n t e r v a l  so  that  the  s y s t e m  can be u s e d  as a d i s c r e t e  
r a t e  m e t e r .  The output is ava i l ab l e  as e i t h e r  pos i t i ve  or  n e g a t i v e  
p u l s e s .  The  nega t ive  output is p a s s i v e l y  shaped  to an ex ten t  d e t e r -  
m i n e d  by the t i m e  cons tan t  s e l e c t i o n ,  but it is r e q u i r e d  only fo r  ex -  
t r e m e l y  high r a t e  app l i ca t ions .  The  pos i t i ve  pu l se  is  a s t a n d a r d i z e d  
pu lse  of +5 v and 0 .5  p s e c  width.  The  715 coun te r  has  a f r e q u e n c y  
r e s p o n s e  of 20 MHz and an a p p r o x i m a t e  d e a d - t i m e  of 50 n s e c .  The  
c o u n t e r / t i m e r  wi l l  accep t  e i t h e r  d i s c r i m i n a t o r  output,  and fo r  th is  r e -  
por t ,  the  n e g a t i v e  output was used  fo r  the m e a s u r e m e n t s  that  w e r e  
m a d e .  The  d i s c r i m i n a t o r  was o p e r a t e d  at 0 .6  v fo r  the p u r p o s e  of ex -  
c luding d a r k  counts  and ob ta in ing  the  h ighes t  s i g n a l - t o - n o i s e  r a t i o  of 
the s y s t e m  (Ref. 10). 

3.0 RESULTS AND ANALYSIS 

P r e l i m i n a r y  to the c r o s s - s e c t i o n  m e a s u r e m e n t s ,  a t o m i c  l ine  s p e c -  
t r a l  p ro f i l e  da ta  w e r e  a c q u i r e d  us ing  100-pm s l i t  wid ths  g iv ing  a s p e c -  
t r a l  bandpas s  of 1.6 A in o r d e r  to i s o l a t e  s p e c t r a l  i m p u r i t i e s  and d e t e r -  
m i n e  a p p r o p r i a t e  s l i t  wid ths .  Since  the s l i t  l e n g t h  was p e r p e n d i c u l a r  to 
the  b e a m ,  the photon count r a t e  was p r o p o r t i o n a l  to the s l i t  width,  and 
i n c r e a s i n g  the s l i t  width pays  h a n d s o m e  d iv idends .  The  s p e c t r a l  l i ne  
p r o f i l e s  w e r e  d e t e r m i n e d  by m e a s u r i n g  the r a d i a t i v e  photon  r a t e  of e a c h  
t r a n s i t i o n  as a func t ion  of wave leng th .  F i g u r e s  9 througoh 12 show the 
s p e c t r a l  f e a t u r e s  of NII(N2; 5016.4  A), NII(NO; 5016.4  A), 
NII(N2; 3995 .0  A), and NIl(NO; 3995.0  A), r e s p e c t i v e l y .  The  da ta  w e r e  
a c q u i r e d  at a b e a m  e n e r g y  of 10 keV,  excep t  fo r  NIl(N2; 3995 .0  ~) which  
was at 7 keV,  and the p r e s s u r e s  and c u r r e n t s  w e r e :  8 .35  m t o r r ,  860 pA; 
5 .3  m t o r r ,  745 pA; 2 .8  m t o r r ,  220 pA; and 5 .5  m t o r r ,  725 pA, r e s p e c -  
t ive ly .  

o 

The NII(N2;o3995.0 A) s p e c t r a l  i m p u r i t y  is  due to the  N2(2+)(1 , 4) 
band at 3998 .4  A (Ref. 11). By us ing  the peak c r o s s  s e c t i o n s  fo r  the  
N2(2+)(1, 4) band (Ref. 12), the s e c o n d a r y  e l e c t r o n  c o n t r i b u t i o n  to the 
NII(N2; 3995 .0  A) c u r r e n t  was found to be l e s s  than  0 .05  p e r c e n t  o v e r  
the 4 to 21 keV  e l e c t r o n  b e a m  e n e r g y  r a n g e .  

O 

By us ing  the NII(NO; 3995.0  A) l ine ,  which  a p p e a r s  to be f r e e  of al l  
s p e c t r a l  i m p u r i t i e s ,  the  full  width at half  m a x i m u m  is found to be 1.6 
in a g r e e m e n t  with the a s s u m e d  r e c i p r o c a l  l i n e a r  d i s p e r s i o n  of 16 / ~ / m m  
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and s l i t  wid th  of i00 ~ m .  A s l i t  wid th  of 200 •m was  u s e d  f o r  the  c r o s s -  
s e c t i o n  m e a s u r e m e n t s  s i n c e  the  o b s e r v e d  i n t e n s i t y  was  p r o p o r t i o n a l  to 
the  s l i t  wid th  and 200 ~ m  was  s t i l l  s u f f i c i e n t l y  s m a l l  to s a f e l y  r e s o l v e  

o 

the  5 0 1 6 . 4 - A  l i n e s .  

The current and pressure dependence was determined by measur- 
ing the radiative photon rate of each transition as a function of the beam 
current and chamber pressure, respectively. Figures 13 to 16 show the 
features of the current and pressure dependence of NIl(N2; 5016.4 A), 
NII(NO; 5016 .4  -~), NII(N2; 3995 .0  A), and NII(NO; 3995 .0  .~), r e s p e c -  
t i v e l y .  The  d a t a  w e r e  a c q u i r e d  at a b e a m  e n e r g y  of 10 k e V  and a s l i t  

O 

wid th  of 200/~m e x c e p t  f o r  the  p r e s s u r e  d e p e n d e n c e  of NII(N2; 3995 .0  A), 
w h i c h  was  ob t a ined  at 5 keV,  and the  NII(NO; 3995 .0  A) c u r r e n t  d e p e n d -  
e n c e ,  wh ich  was  ob t a ined  at 15 keV.  In e a c h  c a s e ,  the  p r e s s u r e  w a s  
m a i n t a i n e d  at a c o n s t a n t  va lue  f o r  the c u r r e n t  d e p e n d e n c e  m e a s u r e m e n t s ,  
and the  b e a m  c u r r e n t  was  m a i n t a i n e d  at a c o n s t a n t  v a l u e  f o r  the  p r e s s u r e  
dependence measurements. 
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Figure 9. NI l (N=;  5016.4 A) line profile (slit width = 100/~m). 
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The c u r r e n t  and p r e s s u r e  d e p e n d e n c e s  w e r e  ob ta ined  so tha t  the  
c r o s s - s e c t i o n  m e a s u r e m e n t s  could be m a d e  at c u r r e n t s  and p r e s s u r e s  
m i n i m i z i n g ,  o r  f r e e  of, s e c o n d a r y  e l e c t r o n  and c o l l i s i o n s / q u e n c h i n g  
e f f ec t s  and su f f i c i en t l y  l i n e a r  to p e r m i t  n o r m a l i z i n g  to the  c u r r e n t  and 
p r e s s u r e .  F i g u r e s  13 and 14 show the  v a r i a t i o n s  of the  i n t e n s i t i e s  fo r  
the two 5 0 1 6 . 4 - A  t r a n s i t i o n s  with both  c u r r e n t  and p r e s s u r e  to be l i n e a r  
o v e r  the  o b s e r v e d  r a n g e  and to pas s  t h r o u g h  the  o r ig in ,  thus  a l lowing  
the  d e s i r e d  n o r m a l i z a t i o n .  S i m i l a r l y ,  F ig s .  15 and 16 show a l i n e a r  
c u r r e n t  d e p e n d e n c e  fo r  both 3 9 9 5 . 0 - A  t r a n s i t i o n s  o v e r  the  o b s e r v e d  
r a n g e  of b e a m  c u r r e n t  and the  i n t e n s i t i e s  e x t r a p o l a t e  to z e r o  fo r  z e r o  
b e a m  c u r r e n t .  The  p r e s s u r e  d e p e n d e n c e  of the  NII(N2; 3995 .0  A) l i ne  
is l i n e a r  o v e r  the o b s e r v e d  p r e s s u r e  r a n g e  but does  not pas s  t h r o u g h  
the  o r ig in ,  whi le  the  NII(NO; 2995 .0  A) l i ne  exh ib i t s  de f in i t e  non-  
l i n e a r i t y  at the  l o w e r  p r e s s u r e s .  In both c a s e s ,  h o w e v e r ,  the  l i n e a r  
r e g i o n  at h igh  p r e s s u r e s  can be e x t r a p o l a t e d  to an a b s c i s s a  i n t e r c e p t  
of about 0 . 7  m t o r r .  

The  e n e r g y  d e p e n d e n c e  of the  op t i c s /  e x c i t a t i o n  c r o s s  s e c t i o n s  was  
d e t e r m i n e d  by m e a s u r i n g  the  r a d i a t i v e  photon  r a t e  of e a c h  t r a n s i t i o n  as 
a func t ion  of the  e l e c t r o n  b e a m  e n e r g y .  By us ing  a s p e c t r o m e t e r  s l i t  
width  of 200 ~ m ,  the to t s /  photon  count  s u m m a t i o n  at e a c h  w a v e l e n g t h  
of i n t e r e s t  was  a c c u m u l a t e d  o v e r  the  t i m e  i n t e r v a l ,  l e s s  the  p h o t o m u l t i -  
p l i e r  tube d a r k  count ,  was  d iv ided  by the  b e a m  c u r r e n t ,  c h a m b e r  p r e s -  
s u r e ,  and count i n t e r v a l  t i m e .  The  o p e r a t i n g  cond i t ions  w e r e  c h o s e n  
such  tha t  the  l i n e a r i t y  of i n t e n s i t y  with b e a m  c u r r e n t  and c h a m b e r  p r e s -  
s u r e  was  e n s u r e d  (Table  1). 

Table 1. Experimental Conditions during Data Acquisition 

Specie 

Energy Dependence 

Beam 
Current (I~A) 

Pressure 
(mtorr) 

Ratios at 10 keV 

Beam 
Current (I~A) 

Pressure 
(mtorr) 

N2 + (1-) (0, O) <825 --<3. 0 425 3.0 

Nil (N2; 5016.4 A) -<800 10.2 425 8.7 

Nil (N2; 3995.0 A) -<240 2.7 285 3.0 

Nil (NO: 5016.4 A) _<995 6,0 355 3.8 

Nil (NO; 3995.0 )~) <995 6.6 355 3.4 
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For  the purpose  of de t e rmin ing  absolute  va lues  of the exc i ta t ion  
c ros s  sec t ion  without the r e q u i r e m e n t  of mak ing  absolute  in tens i ty  m e a -  
s u r e m e n t s ,  it  was decided that  m e a s u r e m e n t s  of the strong0 opt ica l ly  
al lowed N~2(0, 0) band of the N~2 F i r s t  Negat ive Sys tem,  N~(1-), would be 
p e r f o r m e d  and the r e s u l t s  used for  n o r m a l i z a t i o n  of the NH r e s u l t s .  
This  p a r t i c u l a r  r ad i a t i ve  s y s t e m  was se l ec t ed  because  it has  been v e r i -  
f ied that  it obeys the p red ic t ion  of the B e t h e - B o r n  r e l a t i o n  for  i ts  ene rgy  
dependence and absolute  exc i ta t ion  c ros s  sec t ions  a re  ava i lab le  for  e l ec -  
t r on  impac t  ene rg i e s  up to 6 keV (Ref. 13). Addi t ional ly ,  adequate theo-  
r e t i c a l  and e x p e r i m e n t a l  knowledge exis t  for  the c o l l i s i o n - r a d i a t i o n  p r o -  
cess  

N2xlz~(v : o) + ~- - ~ B2~+.(v : o) + 2~- (56) 

L + 2 +  N2X 5~g(v -- 0) + hv 

to enable accurate calculations of the intensity and profile of the (0, 0) 
band structure over a very wide energy range (Ref. 14). The energy 
dependence of the partial N~(I-)(00 0) band intensity was obtained by 

setting the spectrometer bandpass of 3.2 ~ on the P branch peak and 
measuring the photon rate as a function of the electron energy. The 
data of Ref. 13 were used to obtain an extrapolated value of 9.93 x I0 -19 
cm 2 for the N~2(I-)(0, 0) band absolute emission cross section at the elec- 
tron beam energy of i0 keV, and the experimental results of the present 
study were normalized to this point. The results are shown in Fig. 17, 

2. 5 " 

o E  2.0 
4 a02R 

1.5 

I I I I I I 
3 4 6 8 10 15 20 

E(keV) 

Figure 17. Bathe plot of 1ha N~(1-) (0,0) band optical 
excitation cross section. 
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and it i s  s e e n  that  the  m e a s u r e d  v a l u e s  of (~E/4?ra2R a r e  l i n e a r  wi th  
~n E0 verzfyzng that  the  e x c i t a t i o n  of the N2(1-)(0,  0) band is  op t i ca l ly  
a l lowed  o v e r  the  e n e r g y  r a n g e  s tud i ed .  T h e s e  r e s u l t s  a r e  shown  as 
we l l  in  Tab le  2. The  s lope  ob ta ined  fo r  the  p r e s e n t  r e s u l t s  is  
0. 353 =' 0. 009 wi th  an i n t e r c e p t  of - 1 . 1 8  ± 0 .08  in  a g r e e m e n t  wi th  a 

Table 2. Energy Dependence of the IW2(1-) (0,0) Band 
Emission Cross Section 

E(keV) 

4.0 
6.0 

I0. 0 
15. 0 
20.0 

oE 

4~a 2 R 

I. 75 
1. 88 
2.08 
2.21 
2. 33 

o (I0 -19 cm 2) 

20.9 
15. 0 
9. 96 
?.05 
5. 58 

s lope  of 0 .35  g iven  in Ref.  13. The  s t a n d a r d  d e v i a t i o n  l i s t e d  is  the  
o n e - s i g m a  va lue .  F i g u r e s  18 and 19 show the c u r r e n t  and p r e s s u r e  
d e p e n d e n c e  m e a s u r e m e n t s  m a d e  at a b e a m  e n e r g y  of 10 k e V  and a s l i t  
wid th  of 200 ~ m  and the  p r e s s u r e  d e p e n d e n c e  at 4 keV,  r e s p e c t i v e l y .  
In e a c h  case  the  o b s e r v e d  r a d i a t i v e  photon  r a t e  is l i n e a r  and p a s s e s  
t h r o u g h  the  o r i g i n  p e r m i t t i n g  the  d e s i r e d  n o r m a l i z a t i o n  to c u r r e n t  ,and 
p r e s s u r e .  

20 2o 

18 18 

12 ~ 12 

lo ~ zo 
• 

g -" 

0 " "  ' I I I I 0 
0 200 400 600 860 I000 0 1 2 3 4 5 6 ? 8 9 10 

Bum Current ( IJ A) Pressure (mtorr) 

Figure 18. Current and pressure dependence of the N~(1-) (0,0) band. 
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13 

12 

11 

10 

I l l  [ 1 I ! l I I I I ! 0 
0 1 2 3 4 5 6 7 8 9 10 

Pressure (mtorr) 

Figure 19. Pressure dependence of the N~(1-) ((),0) band at a 
beam energy of 4 keV. 

To use  the N~(1-)(0,  0) band i n t e n s i t y  fo r  p l ac ing  the  NII da ta  on an 
abso lu t e  s c a l e ,  the  e n t i r e  band m u s t  be m e a s u r e d .  The  m a x i m u m  s l i t  
width  of the 0 . 5 - m  s p e c t r o m e t e r  u sed  was  400 p m  g iv ing  a b a n d p a s s  of 
a p p r o x i m a t e l y  6 .4  A, which  is  l e s s  t han  a p p r o x i m a t e l y  1/4 tha t  of the  
bandwidth .  C o n s e q u e n t l y ,  i t  was  n e c e s s a r y  to ad jus t  the  m e a s u r e d  
p a r t i a l  band i n t e n s i t y  to ob ta in  the r e q u i r e d  to ta l  band i n t e n s i t y  va lue .  

The equa t ions  r e q u i r e d  fo r  the t h e o r e t i c a l  c a l c u l a t i o n  of the  s p e c t r a l  
i n t e n s i t y  of a v i b r a t i o n a l  band in the  N~2(1-) s y s t e m  a r e  g iven  by W i l l i a m s  
(Ref. 14). T h e s e  equa t ions  enab le  the  c a l c u l a t i o n  of the  t h e o r e t i c a l  r e l a -  
t i ve  i n t e n s i t y  of e a c h  r o t a t i o n a l  l i ne  of the  band  as  a func t ion  of the v i -  
b r a t i o n a l  and r o t a t i o n a l  t e m p e r a t u r e s ,  a s s u m i n g  d ipole  r o t a t i o n a l  e x c i t a -  
t ions  and inc lud ing  n u c l e a r  sp in  c o n s i d e r a t i o n s .  The  se t  of e m i s s i o n  
band s t r e n g t h s ,  e x c i t a t i o n  F r a n c k - C o n d o n  f a c t o r s ,  and o the r  m o l e c u l a r  

u s e d  in a c o m p u t e r  c a l c u l a t i o n  of the N~(1-)  s y s t e m  r o t a t i o n a l  p a r a m e t e r s  
l i ne  i n t e n s i t i e s  a r e  l i s t e d  or  r e f e r e n c e d  in  Ref.  5. The  r o t a t i o n a l  l i ne  
w a v e l e n g t h  c a l c u l a t i o n ,  c o n t a i n e d  in the  c o m p u t e r  c a l c u l a t i o n ,  i nc luded  
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c o r r e c t i o n s  f o r  a n h a r m o n i c i t y  of the v i b r a t i o n  and the  i n f l u e n c e  of cen -  
t r i f u g a l  s t r e t c h i n g .  The  c o m p u t e r  c a l c u l a t i o n  t h e n  convolved  the  t h e o -  
r e t i c a l  r o t a t i o n a l  l i n e  i n t e n s i t i e s  wi th  the  s p e c t r o m e t e r  r e s p o n s e  func -  
t ion ,  u s i n g  the  r e c i p r o c a l  l i n e a r  d i s p e r s i o n  and s p e c t r o m e t e r  s l i t  
w id ths  as  input  da ta ,  to c a l c u l a t e  the  t h e o r e t i c a l  s p e c t r o m e t e r  r e s p o n s e  
f r o m  a g i v e n  v i b r a t i o n a l  band of the  N+(1 -) s y s t e m  exc i t ed  by an e l e c -  
t r o n  b e a m  in 0 . 2 5 - A  i n c r e m e n t s .  T h e  r e s u l t i n g  plot  of the  1~2(1-)(0, 0) 
band at 280 K and 200 ~ m  s l i t  wid th  is  shown in  F ig .  20 and m a y  be c o m -  
p a r e d  wi th  the  e x p e r i m e n t a l l y  ob t a ined  p r o f i l e  in  F ig .  21. The  t h e o r e t i -  
ca l  r a t i o  of the  P b r a n c h  peak at a s l i t  wid th  of 200 ~ m  to the e n t i r e  band  
was  c a l c u l a t e d  to be 0. 423. V a r i a t i o n s  of 0 . 2 5  ~ i n  the s p e c t r o m e t e r  
p o s i t i o n  n e a r  the  P b r a n c h  peak  w e r e  shown by the c a l c u l a t i o n  to change  
the  p a r t i a l  band  i n t e n s i t y  by a p p r o x i m a t e l y  0 .1  p e r c e n t  of the  t o t a l  band  
i n t e n s i t y .  

The intensities of the N~(I-)(0, 0) band and the NII lines were obtained 
using a slit width of 200 pm at an electron beam energy of 10 keV. The 
measured radiative photon count rates were corrected for photomultiplier 
tube dark count, and then divided by the beam current and chamber pres- 
sure. The results were corrected for background emission (5016.4-A 
lines) and then divided by the relative spectral sensitivity factor S(k) to 
obtain relative intensityomeasurements. The background correction 
factors for the 5016.4-A NII lines were obtained by subtracting the ratio 
of the background intensity and the total line intensity from unity. The 
relative intensity measurements for each spectral line were multiplied 
by the calculated partial to entire N~(I-)(0, 0) band ratio and the 

N~(I-)(0, 0) band absolute emission cross section to obtain the absolute 

optical excitation cross sections and subsequently the apparent cross 
sections. Table 3 shows the results of the measurements at the electron 
impact energy of i0 keV. 

F o r  the  p u r p o s e  of a n a l y z i n g  the  n u m e r o u s  e n e r g y  s c a n s  m a d e  fo r  
e a c h  t r a n s i t i o n ,  a c o m p u t e r  p r o g r a m  was  deve loped  and is  shown  in  
Tab l e  4. The  photon count r a t e ,  p h o t o m u l t i p l i e r  tube  d a r k  count,  b e a m  

c u r r e n t ,  count ing  t i m e s  fo r  the  i n t e n s i t y  and d a r k  count,  and c h a m b e r  
p r e s s u r e  at  e a c h  e l e c t r o n  b e a m  e n e r g y  w e r e  u s e d  as input  da ta .  A l so  
input  was  the  n o r m a l i z e d  va lue  of the o r d i n a t e  at an e l e c t r o n  b e a m  
e n e r g y  of 10 keV,  which  i s  s i m p l y  the abso lu t e  a p p a r e n t  c r o s s  s e c t i o n  
fo r  the  plot  u s i n g  the r e c i p r o c a l  b e a m  e n e r g y  as the  a b s c i s s a  and i s  

equa l  to ~E/41ra~R fo r  the  Be the  plot u s i n g  £n E as  the  a b s c i s s a .  
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3880.0 

Entrance Slit • 200 IJm 
Exit Slit • 200 pm 
Dispersion • 16. 0 ~mm 
Rotational Temperature- 280K 
Vibrational Temperature • 280 K 
O0 Band 
N2 + First Negative System 

3885.0 3890.0 3895.0 3900.0 3905.0 3910.0 
Wavelength. angstroms 

3915.0 

Figure 20. Computer  calculated N~(1-) (0,0) band prof i le .  

3920.0 

]5 
14 

N24 (I-)qO, O) Band ~:'o~ ~ . . o o ~ . m  . .  

~ 6 I- 

-26 "22 -18 "14 -tO -6 "2 0 +2 +4 "6 *8 
A~(AF 

Figure 21. 1~2(1-) (0,0) band prof i le  (sl i t  w id th  = 200 #m) .  
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Table 4. Program SUMDATA 

0001 

0002 

0003 
0004 
0005 
O00b 
0007 
0008 
0009 
0010 
0011 

0012. 

0013 
0014 
0U15 

0016 
0017 
U01G 
0019 
0020 

.0021 

0022 

0023 

_.9 0_.~+ 

00¢5 

OOZb 

00~7 
OUZB 

00~9 

0030 

C PRubRAM 5UM~ATA 
ULMENbZU~ uE(bO),GH(30),UKG(30)oHC(30)oTCH(30)orUKG(3?)t 

1 P(JO),IHUM(40UI,I~UL(40U),ICOUNT(~O) 
UUUBLL PHb~IS1ON 5CHtUS~HpS(30)pO(3U)tAVbUtMT(30)tFUUL|SO)e 

1 bwlpbm|A~SW|XXgb~TYoSWTYYeSNTXY~SWuleSWWTXeSWMTXXeULN(~O)e 
5LP(~U)tCEV(20)oSY(~O)~USLP(~O)oU~LP(20)eRE~EOoRNORNIZb)e 

3 UEiHL|bO)tUUE1HEISUJeBEX(~Ot~U)eULTMA(~Uo~OIeU~ETHA|2Oe20)e 
4 AUC(400)eAULIH(¢OU)eAUU[TH(400)eAeCAGL(~OO)eSUHeSSUHt 

AU~THL(SO)eAUUETH(~O)eUEMe~LMeC[MpbHeGSLMeOCEH 
¢00 FURMAI(IUXtFIU.OmbiSXBLPEI~eS)/) 
• 01FUHMA[(bAt4 (SAt IPL |~+5) / )  
4~2 FUHMAT (bAp2| lPL12o5))  
501 FORMAT (13) 
502 FUHHAt (bxpIPE12.5o17) 
503 FUHHAI (~AIFIO+3e2FIOe~,2FIO.UoFIOe3) 
504 FURHAi (~OXtS(SXtIPEI~eS) m/) 
~07 FUHHA! (31b) 
~50 FUHHAI (/ /~ZSXtgH SLUP~ : ~IP~IZ.St3A+IG~ WITH STOo b~Vo : e 

1 IPL12 .S , / )  
55| FUHHAr | I I ~SXt I3H  INTERCEPT m pIPEl~ob9 . 3~e 

1 L~H W|fH ~Td. U~Ve m o lPb /~ .5 )  
bU3 FURMAII/IIt3SAIIbH ee U~TH[ PLOT e e e l / t )  
b0¢ FU~HAI(/ I le3SXtZUH e t  HbCIPRUgAL LN[R~Y PLOT t e e / / / )  
605 FUHNAI(//e~SXtI9HUATA NORHALIZ~U AT eF7~Oe3H EVt31H U$|NG AN OR 

IULNATb E~UAL TU t I P E I ~ e 5 , / / / )  
900 FORNAT |~UA6) . . . . . . . . . . . . . . .  
901FUHNA1 I IH Ie~bAt~UA¢, / / )  
902 FURHAi(/ / t~SXtZOACe//)  
903 FUHMA[ ( / / i Z S X t d O A ~ t / / |  

1000 FUHHAi | / / e l 0 X e  t ENERGY AUbGISSA ORDINATE 
I STUe OEV+ ~EIGHT UETHE STUo OEVel t / )  

1010 FUHHAI ( / / . lORe  e SLOPES __ SIU+ UEV.. ZNtLRCEPTS .... 
1 STU. ULV. Go/)" 

10~0 FURHATilIt~BXebH~NERGYe|OAeGH&USC|SSAegXe~HORD|NAT[egA~ 
1 9HSTU+ UEV+~gXtbH~b|GHTe//) 
RbAU 900tAI+A~eA3tA~eAS~AbeA?eAUeAgeAIOeAI|tAI2~AI3tA~eA15e 

I A I b t A I T + A I ~ A I g t A 2 U  
. . . . . . . . .  HEAD_~00,U;eB2.U3tB~epStBb~UTeBBtBge~;0eUI|tG~ZoU|3e~I~eBISt. 

IBIbtULT~IBeULYeB~U 
~EAD yOOtCIeC2.C3,G~eCb,CbtCTe~G,CVe~IOeC~IoCI2,~I3,G~CIS~ 

1 C/~o~17eCl~eGlgec~u 
R~AU ~OZ~SIGNAO;bO 

C SIGMAU 1~ tHE AUbOLUTE CROSS SLCT|ON AT ENLRGY EO FOR A 
• ¢ __HLGipRUGAL ENEHGX.P~OT_ _. 

C SIGMAU 1~ THE ORUINATE OF A BL{HL PL-U1 AT ~E~GY E0 ;H~N JGal 
Jb = 1 
REAU bOTe ICNAXeIR~AX,NVAL 

C |HNAA IS 1HE ~UHUER UF [NERbY POINTb ;N THL LARGEST OAiA SET 
C I~HAX IS THL NU~ULR UF SETS OF UATA 
C NVAL |S TH~ PRUOUCT.I~NAXe|~MAA ANU O~F|NbS THE NURH~R OF 
C ~L~ENTS |N ]HL AHRAY 

HLAU bOleNK 
C NR |S TH~ NUMBER UF SETS OF UATAe OH THE NU~EH OF SLUPESe 
G ~HICH ~ILL HE CALCULATED 

PN'ZNT 901eAItA~eA3~A6tASeAbeAl~ABeAgtALOeA~IeAI2eAI3~A~6~AISt 
IAIbeAIT~AIBoAIVeA~O . . . . . . .  

44 



AE DC-TR-75-77 

0031 

003~ 

0033 
0034 
0035 
0U3b 
0037 
0038 
00J9 

0040 
0041 

0042 
0U43 

0044 
0045 
0046 
0047 

.0048 
0049 

OObO 

o 0 0 |  
DUb2 

0003 
0Oh4 
00bb 
OObb 
0007 
OUb~ 
0Ub9 
00b0 

0UbX 
Oub~ 
0003 
0064 
UUbb 

9 

10 
¢ 
¢ 

-15 
¢ 

.C 

20 
¢ _  
C 
C 
¢ 
C 
C 
(. 
C 

25 

¢ 

¢ 
C 

20 
¢ 
¢ 

30 

31 

3Z 

C 
(. 

35 

30 
37 

Table 4. Continued 

PN|NT 9U~tUItU2eU3~U4tUSoU6tUltUuIugtuIOoUIIoUI2tUI3t~I~IUI5~ 
Auib~u~7tuAstUIYtU~U" -- 
,.ZNT 9o3,cZ,C~,~3,C,,ig,C6.ir,ce.c~,gio,9~l,ClZ,Cl3,~4,gl~; 

1 CIo t~ I?BCIStC~9t~20 
IF (J~ ,EU,2)  bD I0 4 

3 PN|NT 603 
bU TO 9 
PHINT 604 _ _ 
CUNTINuL 
UU b~ K=|tNK 
N~AD b01tNd 
Nd ]S THE NUNS~R OF ENERGIES WHINE DAIA NA~ TAKEN TO UU|AIN A 
S~T SUFFICIENT TU UET~NN[NE THE bLUPL 
DU 30 d s l t N d  
kLAO ~02 tUb |J )oN l  
Ub I5 THE DEAN ENERGY IN LL~CIHUN VUL|~ 
Ni |S TH~ NUNUbH OF VALUES TAKEN AT ~ACH tN£R~Y 
UU ~0 I : A t N I  
H~AU ~03tUECl)eCHCl)tUAGII)tTCH¢I)oTUKGCl)*P(I) 
UC 1S THE UEAN CURR~NT |N UNITS UF JU0 NICHU ANPS 
CH 10 TNb COUN1 HATE [N PHO[UN~ PER ~CONU 
U~G I~ THE UAC~HUUNO COUNT RAI~ IN PHUTUNb PER SECOND 
TCR Ib  THE biuNAL COUN||N~ TINE IN S~CUNUb 
TbK~ |$ THb UA~KbNUUNU CU UT[NU [ INb 1N S~UNOS (DARK ~0UNT) 
P 15 IHL PNESSUN~ IN NXLLXTURH 
CALCULATIUN OF AV~HAGb |NTbNb;|Y AND bTANUAN0 U~VIAT|UN AT 
L~CN ~NE~Y 
$CN:0=0 

UU 25 |=L tN I  
S~N:S~R*([NII)-UKU(LI)I(BC(|)eP(I)) 

S ( j ) ~ C N / N I  
S(J) 1S |N~ AV~NAb~ CUNT RA|b AT TH~ [NEH~Y CURRESPONING |0  d 
U(J)=USuHT(U~CH)/NI 
UIJ)  15 IHb STANU AU U~VIATIUN ASSUCLATEU :XTH Std) 
CALCU~ATIUN OF T~b STAT|SKICA~ ~[ |GH!b 
I F t J ~ ,  bU.~) bU TU Jb 
S(J )=~(J )eUE(J )  
StJ)  1S |HE P HUUCT OF TH~ AVeRAgE ~UUNT HATE AN~ THE 
ENERGY CUHk[SPUNUING TU d 
D tJ )=~ (J )eUL(J )  
CUNTINUb 
KI = 
IFtKT=E~*L) ~U TU 3b 
AV$U=0.U 
UU 32 d:~eNd 
AVSUIAV$UtU(J) 
AV~O:AV~U/Nd 
AV~U £S U~U rU ~ALC~LATE TH~ ~IGHT~ ANU L~ THE Av~NAb~ UF 
THE ~IANUANU U~VIAI|~N~ FUR |HI~ SET UF UAIA 
UU 3b d : l ~ d  
~ I ( J I : I A V $ U I U i J ) ) ~  
uU TU 40 
UU 37 d :~ tNd 
wT(d) : L,d 

45 



AEOC-TR-75-77 

Table 4. Continued 

G 
__.00~0_ 

C 
00b7 
000~ 
0069 
0U70 
0o7_1_  . . . . . . . .  

007Z 
0073 

¢ 
C 
C 
¢ 

007~ 
007S 
0U76 

--0U77 
0078 
0079 
00~0 
00~1 
00~2 
0003  
008~ 

_ _ O ~ U L _  _ 
U O U +  

00+7 
UOUB 
0089 . 

0090 
0091 
OOY~ 
0093 
0UY4 

0095 

0Q�b 

vTCJ) I b  1E STA11bTI~AL wEIgHT A$SG~IATLU W|TN S I J )  
~0 ~UnTinUb 

CALCUbAT/U~ OF AbSCiSSA VALUE~ 
G• 5~ ~ I ~ I N J  

I F I J ~ . E ~ . Z )  ~U IU b l  
SO FUUb(J) :ALU~ ( U ~ ( J ) |  

b~ TU ~b . . . . . . .  
b |  F U U [ I J ) X ; o U / U b I J )  
55 CUNTINu~ 

FUU[ (J )  15 TH[ AUSCZSSA U~(D FUH TH[5~ S(Tb OF DATA 
~b|bH[EG LLAST b~UAHEb FIT 
CALCULAT|O~ OF 5LOPE ANG INTEHCEVT ANU RESPeCTiVE STANUARU 

U[VLATLUN5 . . . . . . . . . . . . . . . . . . . .  
5WT:U.O 
~wTAuU.U 
5WTAA•OeO 
5~TY•UoO 
5NTYYxO,U 
SwTAY•O.~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S~MT•U,U 
S~MtX•Oo? 
Sw~TAA•0,O 
UU bO J s A g N J  
S~TuS~T*WTCJ) 

$,TAA.S,IXA.WT¢~)eFD,~(j|eFdd~i~ F . . . . . . .  

5 ~ T Y Y : S u I Y Y * ~ T ( J I O S I J I e S I J )  
~ I X Y X S ~ T A Y ~ M T I J ) • $ I J ) O F U ~ ( { J )  

_ S~vTX=S~uTAt~TIJ|•VT(d)~FQd((J) __ 

UENtKI •SuToS~IXA-S~TXe~TA 
SLP¢K|aISwTeS~IXY-SWTAOSuTT)/U~NtK) 
SLPIH| l b  tHE SLUP( oF THE GATA sET fl 
CbPIKI:Ib~TyOSwTAA-SwIAOSwTXY)IU~NIH) 
C~P(~L |5  THE lNTbrCEVt OF THE DATA bbT K _  
CALCULAIIUN OF 5|ANUAI4aJ D ( ¥ | A I I U N  FUH SLUPL 
SYIfl)=DSM~TIISwTYY-IS~TyoS~TYOS~TAA-¢~UeSVTAYeS~TXeS~TY 

00Y7 

0098 

OOY9 
0100  

0102  
0103  
0104  
0 1 0 5  
0 1 0 6  

_.0|07 

|~SWTebWT&YeSMTAY)/U(N(K|)/(NJ-~|) 
U$LP¢~)nbY(K)eUSUHTtSWTeSNTeSWwTXX~S~TAeSW|AeSWWT 

I-~,0eb~TOSWTXeSWmTA)/U(N(K) 
G . . . . .  G~::4.PCH| | b  ~HL ~|ANUAKU D~V|A|LQN ASbUG|A1EU W|TM SLP(K) . . . .  

U~bPL~)mSY(K)oUS~HT|$UTXOSWTAoSWWTXX~SWT~XebVT~X°SNVT'~,0° 
1 S~TXeSVTAXeSWWTA)/U~N(K) 

C GCEP(~) 15 THE S|ANUAHU DEVXATXUN ASSUC|AIEU M|TM CEP(K) 
| F i J G * ( M o L |  bO TU 9Z 

9 1 H b F E O x I . U I ~ O  
bU TO 0 3  . ............................... 

92 CUNT|NUb 
RbFLU:ALUb (b0)  

¥3 ENOHMtK) • S |bMA0/ ISLP(K)eREFLOtGEPtH| )  
GU 94 J s I o N J  
) ~ 7 H ( ( J )  • HNO~M(K) • S(J )  

V4 UUETML(J)mu~TMLCJIoGS~HT|((USL@¢K|eUbLP(K)e H~F(0 • R(FL0 .OGE 
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Table 4. Continued 

IP(K)oUCLP(K))ONNUHM(KIORNORM(K)/(|SLP(K) e 
~ j | e D I J ) I t S | J ) e $ ( J ) ) )  

C 
¢ 
C 
¢ 
C 

. . . . . . . . . . . . .  . L  . - -  
C " 

G 
0106 199 
Olg9  
0110 200 

C 
0 1 1 1  
0 1 1 ~  

0 1 1 4  
_ g L L L  . . . . . . . . . .  

O i l s  16 
C 

0117 
0 1 1 0  
0119 

. ( J1~0__.  17 
01~1 bb 
0 1 ~  
01~3 
0 1 ~ 4  ~01  
Oi ls  
0 1 ~ 6  . . . . .  ~ 0 6  
0 1 ~ 7  
01~8 
0 1 ~ 9  
0130 
0131 
013~ ~o~ 
0133 205 

C 
OIJ~ 
OIJS 
0136 
013Z.  
0136 
0 1 ~ 9  
0 1 ~ 0  
0141 
014~ 
0 | ~ 3  . _ .  3 o i  

C 
G 
C 
C 
C 
C 

REFE0 * C L P ( K ) ) e e 2 I ) * D I  

U L I H ~ I J )  1S TH~ AUSOLUTE .EACITATION ~HOSS SE(T|ON FOR A- - 
RL~IPHOCAL LN~H~Y PLOJ 

8LTHL(J )  JS TME URUINAT[ OF A UEIHL PLUT WMLN J ~ : l  ANU 
1S EMUAL TO S I~MAO[ / (4 *P IOAeAeR)  

HNURM IS A CONSTANT WHICH PUI~ THE UA[A ON AN ABSOLUTE SCALE 6ASEO 
QN TNL UHDINAI[_$1GNAG.AT_~N~HGY_~ . . . . . . . . . . . . . . . . . . .  

UUETH~ 1~ THE STANUAHU DEVIATIUN ASSUCIAT~U ~[TH THE VALUE 
~F BETHLIJ)  

PMINT 1000 
DU 2OU J : I I N J  
PRINT 400oBE(J)9~U6ECJ)tS(J)tU(J),WT(JJtUE[HE{J)IOUETME(J) 
IF NJ < IHMAX~ T , t  R~MA|NXN~.vALUEs UF 6~p 6ETHEm ANU-UBETME ARE_ 

Sk i  EMUAL TO LEHO 
IHMAA~ 8 IHNAA * 1 
JU = NJ * I 
UU l b  J : JOtINMAA2 
UL tJ )  m U.O 
~ T H ~ I J ) ' u  0eU . . . . . . . . . . . . .  
U~ETN~(J) • O*U 
NUN wL CMANbE N01ArIUN TO U T I L I Z L  A I N O  DIMENS|ONAL ARHAY 
UU 17 d • IeIHMAA 
U L A I J t K |  • UEld)  
ULTHAIJ tK)  : UET~E(J) 
UUETMA(J~K) m UBLTME|J) . . . . . . . . . . . . . .  
CONTINUE 
PHINT 1OlO 
UU Z 0 i  K • I t N K  
PHINT 401tbLP|K)PUbLP(KI~CEP{KIeUGLP|K) 
PN|NT 6UbtL0eSIbMAU 
PMiNT 10JO _.  _ 
UU ~0~ ~ = l t N K  
S~P(K)•NNURN(A)eSLP(K)  
ObLPI f l ) :NNORN(R)eUSLP|K)  

Ub~P IA ) :NNUHM(K)~UC~(K )  
PHINT 4U;tbLP(K)tUSLPIK)eCEP(K|~UCEptK) . . . .  
~UNTINu[  
CMAN~ ~NLH~Y NAIHIA TU V~CTUH ANO SAVE AHHAY POS|TION 
OK : 1 
UU 301 d : I~|HMAA 
UU 3 U ~  K : I t ICMAA 
~ b [ ( d K )  : b [ A i d t K )  . . . . . . .  
AULTN(JK| = ubT~A(J~K)  
AUUET.IJK) • ~U~IHA(JeK)  
INUWIJK) • d 
I ~ 0 L | J K )  • K 
JR : JK • 1 
c u N r l n u L  
~U~IJK)  1> IMb LNLH~Y MAIR|A IN V~CIUH FUNN 
XuETH(dK| iS  TH~ UHU|NATL NAIHIA |N §LCTO~ FORM 
XuUETH(JK) IS THE b rU .  OEVt MA1HIA 1~ VECTUH FUHN 
INUWtdK| 15 THL Huw PUSITIUN VALUE 
| L U L ( J K )  IS THL ~ULUMN POSlIJUN VALU~ 
NOw AHRANbL AHHAY FHUM SMALL TU L A H ~  
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Table 4. Continued 

C ULAN E N k N b | [ b  A ~ (  URO[NEU bU[H T~AT AUb a i r ( 5  TH(  BEAM 
G tNbRGY AT GUOHUINAIL$.IEL~..~U.,L~J,.JUE,.~IE,_.IGUL GUSI~$pONL)~_  
C TO THE U k I b l N A L  UA[A SET NUMBER ANU |ROW CORRbSPOND~ TO THE 
C LNLRbY UATA PULhT5 IN  | H & |  ~ [ T  
C NVAL IS  ~HL NUM~LR OF VALUES I N  TH( ARRAY - 

014~  NVAL~ • ~V&L - 1 
01~5  DU 30~ JK z I~NVALZ 

_ ._o1~  . . . . . . . .  J~_= ~K ~.~ 
01~7 UU 30~ K = J J t N V A L  
0 1 ~  |F  | A B E ( J K } , ~ , X B L ( K ) } .  _ . ~ O _ ~ U . ~ O L  . . . . . . . . . . . . . . . . . . . .  
0 1 ~ 9  A • X~E(K)  
0150  A U [ ( K I a X B L | J K )  . . . . . . . . . . . . . . . . . . . . . . . .  
0151 X B E | J K ) u A  
0 1 ~  A 8 A B E T H I & )  
01~3  XBET~¢K) • ABETHtdK)  

_._~1~.~ . . . . . . . .  X ~ [ T H { d K )  ~ A . . . . . . .  
0155  A ~ A u ~ [ T H ( K )  

_ _O1.~_6._ . . . . . . .  XUBET~(KJ • X U B E I H { J K [ .  
0157  AUBET~(JK!  u A 
o158 18JL_R~_l.~I 
0 1 5 9  I ~ o ~ | ~ ) ~ l x o u c J K !  

_ . O l _ ~ L  . . . . . . .  I H U W | J K I U I  ._. 
0161 | u l G O L ( K )  
0L.62 . . . . . . . . . . .  I C O L ( K I - L ~ U L ; J K )  . . . . . . . . . . . .  
0163  | C O L ( J K I u l  
U ; b 4  303  C.~I~_T|NU~ 
0165  30~ CONl INUE 

_¢ . . . . . . .  NUw aUghT ~UM~(H__Qf_ LX~[._[~bB.bL.E,~ . . . . . . . . . . . . . . . . . . . . . . . . .  
0 1 6 6  N • 0 

C N COUNTS L I K E  VALU(S_OF_ B E A q _ ~ E 8 S Y j _ X U E  . . . . . . . . . . . .  
0 1 6 7  UU 30~ dK a 19NVAL 
0 | 6 8  IF  C J K , ~ . i |  aU rU 3~Q 
0169  IF  t X d E ( ~ ) o E O o c A a ~ ( N ) I  GO TO 304  

£ . . . .  1F AB(|J).£VUALS.C~UEt_N)~_iIJIAS_&~H(&UY. dEEN G O U N T ( ~ _ . .  
0170  320 N • N * 1 

_ _ D I Z l  . . . . . . .  CABMEN) • A U ( ( J K )  . . . .  , . . . . . . . . . . . . . . . . . . . . . .  
0172  I~UUNY(N)  • 1 

C I~OUNi  I $  IHE NUMBER OF TIMES ~ACH EN[RGY~ CXBE, A P P [ A ~ _ _  
0 1 7 3  K • d~ • 1 

. .~17 . I_  . . . .  UQ. 305  L m K t ~ V A [  . . . . . . . . .  
0175  IF  I C A B E I N ) , N E , A U L I L ) ' )  6 0 - Y U ' 3 ~ 9  . . . .  

. 0 1 7 b  . . . . . . . .  | ~ Q U N i { N )  ~ |GOUNT|N)  ~_1 . . . . . . . . . . . . . . . . . . . . . . . .  
0177  305  CONTINUE 
0 1 7 8  349  ~UNT|NUE 
0179  304  CONTINUE 
o1~0 . . . . . . . . . .  Z£HU • 0 , 0  _ . 
0181 LA ~ i 

0 1 8 3  I • I G O U N T ( I )  * 1 
0 1 8 .  ._...~(J~9~ JKK 8_.,TLt~VAL 
0185  JR : JKK - I * 1 

_.IUL~b A B ( T f l t J K I  : XBETM(JKK) . . . . . . . . . . . . . . . . . . . . .  
0187  292  X U B E I , ( J K )  : XDBLTN(JKK)  

_ o 1 6 0  NVAL 8 NVAL - I * . 1  . . . . . . . . . . . . . .  
0 1 8 9  bO 29U KK • ~9~ 
0190  _ .. L • KK ~ . L  
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Table 4. Continued 

OAr1 
0192 
0193 

0~04 
0205 

_ 0 ~ 0 0  
0207 

C 
019S OJ • A • 
DlVb UO 3Ub L • I , N  
01~T L~ • ACOUNTILI • dJ " | 

._.OX~O SVN • 0 , 0  . . . . . . . . . .  
0199 bSUM • 0 . 0  

_ .0~0.0 DO 3 0 t  JK • J J , L ~  . . . .  
0201 SUN • SUM • XBETHIJK) 
0202 _ _ _ . _ _ S ~ Q . N _ ~ _ ~ S U N  * AOUETH(JKIOXOB~TH|JK) 
0~03 307 CONTINUE 

ICOUNI IL )  • ICOUNT(KK) 
• Mo £ X H [ ( L )  • ~ H E ( K K  | 

N 8 N - 1 
291 CONTINUE 

NOW AYEHAGE-B~THE ANU'CONBINE-STANDARO------------ ~£V |AT |0NS Ar  
. . . . . .  

306 
¢ 
C FON (ACM DXSCHET( OEAN ( I~HGY CA~L 
C MEAGHT(U LLAST SVdAHES F I T  
C CALCOLATXON OF AUSCISbA VALUES 

_ _ ~ 0 8  DO 3 0 ¥  1819N . . . . . .  
0209 BL IL )nCAUEIL )  
0210 __ ~ ( L ) • A B ~ ] H [ | L ) _  
0211 309 U(LIXADUbTM ELl 

__OZL~..  I F | J ~ e E M , 2 )  ~U TO 31~ ... 
0213 Px|NT 603 
0 ~ I ~  3 | Z  CUNTINU( 
0215 PH|NT 60~ 

0217 IF{JGoEMoI)  ~O T~ 3Ab 

AU[TH~(L)  n SUH/I¢UUNT(L)  ..... 
AUULTH(L) eDSUNTISSUN)IICOUNT¢L) 
dJ • ~L • I . . . . . . . . . . . . . . . . . .  
CONTINUE 
AU[~HL] [~_]~F._~kY~AGE ORDINATE WITH ~[ANDANU DEVIATION ADB£THE 

0 2 1 B  
0 2 1 9  
0 2 ~ 0  
0221 
oa~a 
02~3 
0224 

02~5 

0~27 
0220 
0d29 
0230. 
0231 
0~32 
0233 

0234 
OdJ5 

_ . Q . ~ k .  • 

310 

315 
3 | b  

313 
C 
C 

306 

311 

351 
¢ 
C 

F U B b t k ) s A J U / U E i L I  _ _ 
GO TO 31~ 
FOUEiL)n&LUG ( U ~ ( b ) )  
CUNI|~UE 
IF IdbeNko4}  eO.TO.JAJ  
PH|NT 60J 
CUNTZNUE 

AVbO AS U$(O IN TM~ HEIGflT CALCULATION AND ~S TH[ AVkRAG( 
OF T,~ STANUAHO UEVLATLONS FUH |HAS S [ I  OF DATA 

AVSOaUeO 
UQ 300 L i L t N  . . . . . .  
AVSD z AVSU • U{L)  
AVSDaAVSU/N 
UU 311 L = I I N  
WILL) • (AVSD/OKL} iee~  
PflINT 1020 
D~ 351 L • |�N . . . .  
PN|NT S04tUECL)tFOUEILIoSCL)tUCL)tWTCL) 
CALCULATION OF SLOPE A~D LNT(HG(PT AND RESPECTIVE STANDARD 

DEVIATIONS 
SwT:O,O 
SaTX=U,U 
SvTXAuOtU 
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0237 
OZ38 
0~39 
0 ~ G  
0 2 + l  
OZ*~ 
0~43 
0244 
0~45 
0 ~ 6  
02~7 
0 ~ 8 .  
02~9 
O~O 
O~Sl 

_ 0 Z,,~,- . . . . . . . . .  350 
0263 
0 2 ~  . . . . . . . . . .  

C 
02S5 

C 
0~51~ . . . . . . . . . . . . . .  

S~TY•~.,O 
SnTYY•O,O 
SNTXYSO,O 
SN~T•U,U 

S~WTXA•O,O 
-DO 35U L x I ~ N  

SWTXaS~IA*mT(L)eFOB((L)  
5NTXAmSWTAA*MT(LI*FUU~(L)~FD~L(L) 
S~TYsbMTY*~T IL )e~ (L )  
S N T Y Y • S V I Y Y * ~ T I L I * S I L l e S I L ]  . . . . .  
S~TXYmSd lXY*VT tL leS(L IOFOH~(L )  
Suv~b.b[~T~wTILL~WEILJ 
Su~TAmSw~TA*WT(LIewr|L)*FUBE¢~) 

0257 . . . . .  

0258 

0~60 
0261 
0262 

__ .0 .~3 ._  . . . . . . .  
¢ 

__~ 
0264 
02bS 
O266 
0267 _ _ ~  
0268 

___ D~69 . . . . . . .  GU TO 316 
0270 353 bTUP 

• 0271 £ND 

SWVTAAqSNWTAX*NT(L)eWTIL)eFOUL(I.J*FOUbtL) . . . .  
U~MSSNT*bWTXX-SWTAeSwTA 
S~Ms|SWToSXTXY-SxTAeSmTYI/DEN . . . . . . . . . . . . . . .  
SLM 16 T ,~  bLUPE OF Tflb UATA 
~LH~_..~.~mIYe~NTXA~bNr-~.OSlLTXYi/ULM 
CEN | b  TM( INTLH~EPT ZF TN( OATA 
SMaUS~RTI|SNTYY-(SwTYebWT¥*SVrXX-2,U*bwTXY*SVTXeSUTY 

1 , S ~ l e S N T X Y e S W T A Y ) / U L M ) / | N - ~ ) I  
DSLMm~H*USWRT|SWT*~uT~bWWTXX*SWTA*S~A*SWWT 

| -2,UeSwTeSNTAeSWmTX)/D(M 
DSi-H_~S ~ . L  ~TANUAHb bLV;ATZ~N A ~ S ~  . . . . .  
D~(NmbNoUSMRTCSWTXeSwTAeSNWTXA*~wTXX*SWTXA*SWwT-2eUe 

1 bUTXeS~TXXeSuVTA)/ULH 
D~[M 1S 7Hb STANUAHD D(VXATZON ASSOCXAT(~ WXTH ¢EM 
PHZNT 5SU* SLMoDbLH 
P~INT Sb~,  CEN,DLEM 

I F ( J G , G T , ~ )  GO TO 353 
GQ~5T : ~ , 7 6 8  L-AS 
CUNST 15 LMUAL TU ~ e P | e & e A e R L N  UN|TS OF EveCHeCMe NH~HI~ 

A 1S THL FXHST 80HH RADXUS AND R |b TH~ HYDB(HG ~N~OY 
DO 354 L • | I N  
FUB~(L)  m. .AL~b(~(L]_) . .__ . . . . .  
S I L l  • S ( L | e ~ ( L ) / ~ 0 N S T  
D I L l  & UI~)eBE. IL ) /GD~ST - -~ 
db • ~G * I 
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By fo l lowing  the  d e r i v a t i o n  of B e e r s  (Ref.  15) f o r  a l e a s t - s q u a r e s  
f i t  and no t ing  the d e r i v a t i o n  of B a c o n  (Ref.  16) f o r  the  w e i g h t e d  s lope  
and i n t e r c e p t ,  e q u a t i o n s  fo r  the we igh t ed  s t a n d a r d  d e v i a t i o n s  of the 
w e i g h t e d  s lope  and i n t e r c e p t  w e r e  d e r i v e d ,  the  d e t a i l s  of wh ich  a r e  l i s t e d  
in the  append ix  of Ref.  17. Beg inn ing  wi th  the s t a n d a r d  d e v i a t i o n  of a 
r a n d o m  count  as the s q u a r e  roo t  of the  count ,  the c o m p u t e r  c a l c u l a t i o n  
c o m p u t e s  the s t a t i s t i c a l  we igh t  a s s o c i a t e d  with  e a c h  e n e r g y  and p e r f o r m s  
the  w e i g h t e d  l e a s t - s q u a r e s  fi t  f o r  e a c h  e n e r g y  s c a n .  The  c o o r d i n a t e s  
a r e  a v e r s u s  E -1 or  ~E/4, 'ra2R v e r s u s  ~n E as d e s i r e d .  Next ,  a n o r m a l i -  
z a t i on  c o n s t a n t  is  c o m p u t e d  such  tha t  the s t r a i g h t  l i ne  d e t e r m i n e d  by the  
w e i g h t e d  l e a s t - s q u a r e s  fit  p a s s e s  t h r o u g h  the  o r d i n a t e  va lue  u s e d  as in -  
put da t a  at 10 keV,  and the o b s e r v e d  i n t e n s i t y  m e a s u r e m e n t s  d e t e r m i n e d  
as a func t ion  of e l e c t r o n  b e a m  e n e r g y  a r e  put on an a b s o l u t e  s c a l e  by 
m u l t i p l y i n g  e a c h  va lue  by th i s  n o r m a l i z a t i o n  cons t an t .  A f t e r  e a c h  se t  
of da t a  is thus  s c a l e d  to g ive  a b s o l u t e  a p p a r e n t  c r o s s  s e c t i o n s ,  o r  
aE/4~ra2R fo r  a Be the  plot ,  the  da t a  a r e  s o r t e d  to g ive  a l l  c r o s s - s e c t i o n  
v a l u e s ,  o r  a E / 4 ~ a 2 R  fo r  a Be the  plot ,  and t h e i r  r e s p e c t i v e  s t a n d a r d  
d e v i a t i o n s  o c c u r r i n g  at e a c h  e l e c t r o n  b e a m  e n e r g y .  A f t e r  a v e r a g i n g  the 
o r d i n a t e  v a l u e s ,  a w e i g h t e d  l e a s t - s q u a r e s  fi t  is  p e r f o r m e d ,  and the  o r d i -  
na te  and a b s c i s s a  v a l u e s  as  we l l  as  the  s lope  and i n t e r c e p t  a r e  p r i n t e d  
a long  with t h e i r  r e s p e c t i v e  s t a n d a r d  d e v i a t i o n s  and s t a t i s t i c a l  w e i g h t s .  
Thus ,  the o b s e r v e d  i n t e n s i t y  m e a s u r e m e n t s  f o r  e a c h  s p e c t r a l  l i ne  d e t e r -  
m i n e d  as a func t ion  of e l e c t r o n  b e a m  e n e r g y  w e r e  u sed  with  the  10 -keV 
da ta  of the NII l i n e s  and the  N~(1-)(0,  0) band to ob ta in  a b s o l u t e  v a l u e s  of 

the a p p a r e n t  c r o s s  s e c t i o n s .  The  v a l u e s  thus  ob ta ined  fo r  the  a p p a r e n t  
c r o s s  s e c t i o n s  of the NII 3F° and NII 1D s t a t e s  p r o d u c e d  by d i s s o c i a t i v e  
e x c i t a t i o n  of N 2 and NO a r e  l i s t e d  in T a b l e s  5 and 6, r e s p e c t i v e l y .  

I 

The p a r t i a l  G r o t r i a n  d i a g r a m  shown in Fig .  22 i n d i c a t e s  q u a l i t a t i v e l y  
the  p o s s i b l e  c a s c a d e  c o n t r i b u t i o n s  to the NII 3F° and NII 1D l e v e l s  (Ref.  18). 
The  p o s s i b l e  e x i s t e n c e  of t h e s e  t r a n s i t i o n s  i nduced  by e l e c t r o n  b e a m  e x c i -  
t a t i on  is at p r e s e n t  unknown,  and thus  no c a s c a d e  c o r r e c t i o n s ,  if t hey  do 
i n d e e d  ex i s t ,  can  be m a d e  on the  p r e s e n t  c r o s s - s e c t i o n  v a l u e s .  

The  a p p a r e n t  c r o s s  s e c t i o n s  of the NIl 1D l e v e l  p r o d u c e d  by d i s s o c i -  
a t ive  e x c i t a t i o n  of N 2 and NO r e s u l t  d i r e c t l y  f r o m  the op t i ca l  c r o s s - s e c t i o n  
m e a s u r e m e n t s  s i n c e  the  NIl 1D l e v e l  r a d i a t e s  by only the o b s e r v e d  t r a n -  
s i t i on  (Fig .  22). The Nil  iF°  l e v e l ,  h o w e v e r ,  has  t h r e e  c o m p e t i n g  r a d i -  
a t ive  t r a n s i t i o n s  (Fig .  22), and the op t i ca l  c r o s s  s e c t i o n  at 10 k e V  was  
d iv ided  by the b r a n c h i n g  f a c t o r  of 0. 155 as d e t e r m i n e d  f r o m  Ref .  18 in 
o r d e r  to ob ta in  the a p p a r e n t  c r o s s  s e c t i o n .  C o n s e q u e n t l y ,  the  a p p a r e n t  
c r o s s  s e c t i o n s  p o s s e s s  the a c c u r a c y  of the l i fe  t i m e  c a l c u l a t i o n s  of Ref .  18. 
S ince  the l i fe  t i m e  is  the  s a m e  for  the  NI 3F° l e v e l ,  r e g a r d l e s s  of m o l e c u l a r  
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Table 5. Energy Dependence of the NIl( 3 F °) Apparent Cross Section 

E(keV) 

4.0 
5.0 
6.0 
7.0 
8.0 

10. 0 
12.0 
15. 0 
18. 0 
20. 0 

N 2 NO 

o(10 -21 cm 2) 

3.6 
2.8 
2.4 
2.0 
1.8 
1.5 
1.2 
0.92 
O. 89 
0.89 

oE103 
4~Ta02 R 

3,0 
2.9 
3.0 
3.0 
3.0 
3.0 
3.0 
2.9 
3.4 
3.7 

E(keV) 

4.0 
5.0 
6.0 
7.0 
8.0 

113. 0 
12.0 
15. 0 
18. 0 
20. 0 

o(10 -21 cm 2) 

2.8 
2.3 
1.9 
1.7 
L5 
1.3 
1.1 
13. 89 
0.75 
O. 68 

oEZ@ 
4'a'ao 2 R 

2.3 
2.4 
2.4 
2.5 
2.6 
2.7 
2.7 
2.8 
2.8 
2.8 

Table 6. Energy Dependence of the NIl( 1 D) Apparent Cross Section 
i 

N2 NO 

oE1@ 
E(keV) 

4.0 
4.5 
5.0 
6.0 
7.0 
8.0 

10. 0 
12.0 
15. 0 
18.0 
20.0 
21.0 

o(10 -21 cm 2) 

5.2 
3.9 
4.3 
3.3 
3.0 
2.6 
2.1 
1.8 
1.P 
1.3 
L2 
1.1 

0E10 3 

4'had?- R 

4.4 
3.6 
4.5 
4.2 
4.3 
4.3 
4.5 
4.6 
4.7 
4.7 
5.0 
4.8 

E(keV) 

4.0 
5.0 
6.0 
7.0 
8.0 

10.0 
12.0 
15. 0 
17.0 
18. 0 
19. 0 
20. 0 
21.0 

o(10-21 cm 2) 

3.4 
3.1 
2.8 
2.5 
2.2 
1.8 
1.5 
1.2 
1.1 
0.95 
0.89 
0.84 
O. 78 

4'nao 2 R 

2.8 
3.2 
3.5 
3.6 
3.7 
3.7 
3.7 
3.7 
3.7 
3.6 
3.5 
3.5 
3.4 
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Figure 22. Partial Grotrian diagram for Nil .  

O 

s p e c i e  invo lved ,  the  r a t i o  of the  NII(N2; 5016 .4  A) o p t i c a l  c r o s s  s e c t i o n  
and the  NII(NO; 5016.4  A) op t i ca l  c r o s s  s e c t i o n  is  i d e n t i c a l  to  tha t  of the  
a p p a r e n t  c r o s s - s e c t i o n  r a t i o ,  and the  dependence  on the  a c c u r a c y  of the  
l i fe  t i m e  c a l c u l a t i o n  is  e l i m i n a t e d .  The  r a t i o s  thus  ob ta ined  a r e  

and 

O O 

o-[NII(N2;5016.4 A)]/u[NII(NO; 5016.4 A)] = 1.16 

O O 

o{NII(N2; 3995.0 A)]/o{NII(NO; 3995.0 A)] = 1.22 

d e t e r m i n e d  at an e l e c t r o n  b e a m  e n e r g y  of 10 keV.  
# 

By us ing  the B e t h e - B o r n  a n a l y s i s  of Sec t ion  1 .2 ,  the  v a l u e s  of 
s e v e r a l  p a r a m e t e r s  can  be d e r i v e d .  F o r  o p t i c a l l y  a l lowed  t r a n s i t i o n s ,  
the s lope  of a Bethe  plot  i s  equa l  to  the  d i p o l e - m a t r i x - e l e m e n t  s q u a r e d ,  
M~, f o r  the  t r a n s i t i o n ;  the c ons t an t  ~n C n is  equa l  to  the  r a t i o  of the  
i n t e r c e p t  to  the s lope ;  the  cons t an t ,  Kao,  is  d e r i v e d  f r o m  the  va lue  of 
C n u s ing  Eq.  (30); and the  op t i ca l  o s c i l l a t o r  s t r e n g t h ,  fn, is  de f ined  by 
Eq.  (12). F i r s t - o r d e r  f o r b i d d e n  t r a n s i t i o n s  y i e l d  the  cons t an t  bn by 
d iv id ing  the  s lope  of a r e c i p r o c a l  energy, plot  by 4~a2oR which  is  e q u i v a -  

2 N~(I-)(0, 0), the l en t  to  u s ing  the  e x p r e s s i o n  b n = ~ E / 4 ~ a o R .  F o r  the  
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fo l lowing  p a r a m e t e r s  w e r e  ca l cu l a t ed :  

M 2 = 0 .353  + 0.009 

C n = 0.035 + 0 . 0 0 9  

K a  ° = 0 . 1 1 0  _+ 0 . 0 0 ]  

and 

f = 0.49 _+ 0.01 n 

4 . 0  D I S C U S S I O N  A N D  C O N C L U S I O N S  

The  d e p e n d e n c e  of the  N~(1-)(0,  0) band e m i s s i o n  c r o s s  s e c t i o n  on 
the  e n e r g y  of the  inc iden t  e l e c t r o n s  was  in e x c e l l e n t  a g r e e m e n t  wi th  the  
r e s u l t s  of Ref. 13, but only a f t e r  s t e p s  w e r e  t a k e n  to e l i m i n a t e  s e c o n d a r y  
e l e c t r o n  e x c i t a t i o n s .  At low e l e c t r o n  b e a m  e n e r g i e s ,  s e c o n d a r y  e x c i t a -  
t i on  p r o c e s s e s  due to b a c k s c a t t e r e d  e l e c t r o n s  f r o m  the F a r a d a y  cup w e r e  
a p p r e c i a b l e  and c o n t r i b u t e d  as m u c h  as 13 p e r c e n t  to the  o b s e r v e d  i n t e n -  
s i ty  at 4 k e V  but w e r e  n e g l i g i b l e  n e a r  20 keV.  The  30 -v  n e g a t i v e l y  
b i a s e d  g r i d  on the  F a r a d a y  was m o r e  than  su f f i c i en t  to s u p p r e s s  t h e s e  
s e c o n d a r y  e l e c t r o n s .  

The t h e o r e t i c a l  c a l cu l a t i on  of the N~(1-)(0,  0) band p ro f i l e  d e s c r i b e d  
in  Sec t ion  3 .0  was in e x c e l l e n t  a g r e e m e n t  wi th  the  e x p e r i m e n t a l l y  ob-  
t a i ned  p r o f i l e .  The  r a t i o  of the  R b r a n c h  peak  he igh t  to the  P b r a n c h  
peak  he igh t  was  0. 305 fo r  both the  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  d e -  
t e r m i n e d  p r o f i l e s .  F r o m  th i s  m e a s u r e m e n t  and t h o s e  of Ref.  5 at o t h e r  
t e m p e r a t u r e s ,  it  is b e l i e v e d  tha t  the  p r o c e d u r e  u s e d  in th i s  p a p e r  is  
a c c u r a t e  to wi th in  l e s s  than  0 .5  p e r c e n t .  

The  a p p a r e n t  c r o s s  s e c t i o n s  of the  Nil  3F° s t a t e  p r o d u c e d  by the  d i s -  
s o c i a t i v e  e x c i t a t i o n  of N 2 (Fig.  23) and NO (Fig.  24) o v e r  the  e l e c t r o n  
b e a m  e n e r g y  r a n g e  of 4 to 20 k e V  and p lo t ted  aga ins t  the  r e c i p r o c a l  
of the  e l e c t r o n  b e a m  e n e r g y  show, as do the  Be the  plots  (F igs .  25 and 
26), that  the  t r a n s i t i o n  is  c o n s i s t e n t  wi th  the  B e t h e - B o r n  e q u a t i o n  fo r  
f o r b i d d e n  t r a n s i t i o n s .  The  a p p a r e n t  c r o s s  s e c t i o n  of the  NII 1D s t a t e  
p r o d u c e d  by the  d i s s o c i a t i v e  e x c i t a t i o n  of N 2 (F igs .  27 and 28) is  a l so  
c o n s i s t e n t  with the  B e t h e - B o r n  a p p r o x i m a t i o n  fo r  a f o r b i d d e n  t r a n s i t i o n .  
The  a p p a r e n t  c r o s s  s e c t i o n  of the  NII 1D d i f f e r s  s i g n i f i c a n t l y  f r o m  the 
B e t h e - B o r n  e q u a t i o n  be low about 8 keV  as shown  in F igs .  29 and 30. 
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Figure 23. Energy dependence of the molecular nitrogen NI l(  3 F °) 
apparent cross section. 
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Figure 24. Energy dependence of the nitric oxide NI l(  3 F °) 
apparent cross section, 

6 

4~a02R :" 
0 I I I 

3 

o O  

4 5 0 7 8 ]0 12 15 18 20 
E(keV) 

Bethe plot of the molecular nitrogen NI l(  3 F °) 
apparent cross section. 

Figure 25. 
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Figure 26. Bethe plot of the nitric oxide NII(3F °) 
apparent cross section. 
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Energy dependence of the molecular nitrogen NI l (  1 D) 
apparent cross section. 

61 - 

iF 
3 

Figure 28. 
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Bethe plot of the molecular nitrogen Ni l (  1 D) 
apparent cross section. 
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Figure 29. Energy dependence of the nitr ic oxide NI l (  I D) 
apparent cross section. 
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Figure 30. Bethe plot of the nitric oxide NI l (  1 D) 
apparent cross section. 
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The s l o p e s  as d e t e r m i n e d  by the  Be the  p lo t s  a r e  [6 .1  ± 8 .3 ]  x 10 -5 ,  
[3 .5  ± 0 .  SJ x 1 0 - 4 , o [ 2 . 4  + 2 . 5 ]  x 10-4& and [ - 6 . 7  + 7 . 0 ]  x 10-5 f o r  
the  NII(N2; 5016 .4  A), NII(NO; 5016 .4  A), NII(N2; 3995 .0  A), and 
NIl(NO; 3995 .0  ~)  t r a n s i t i o n s ,  r e s p e c t i v e l y .  T h e s e  v a l u e s  a long  wi th  
the r e s p e c t i v e  s t a n d a r d  d e v i a t i o n s  show a n e a r  z e r o  or  z e r o  s lope  i n d i -  
ca t ing  t ha t  the B e t h e - B o r n  equa t ion  f o r  a f o r b i d d e n  t r a n s i t i o n  is  app l i -  
cab le .  

O 

The n o n l i n e a r i t y  below 8 k e V  on the NII(NO; 3995 .0  A) Be the  plot  
(Fig .  30) m a y  be due to the  e x i s t e n c e  of two c o m p e t i n g  p r o c e s s e s  p r o -  
duc ing  the  s a m e  r a d i a t i n g  NII 1D s t a t e .  F i r s t ,  c o n s i d e r  the  p o s s i b i l i t y  
tha t  the  Ni l  1D s t a t e  is  p r o d u c e d  by two c o m p e t i n g  d i s s o c i a t i v e  e x c i -  
t a t i o n  p r o c e s s e s  w h e r e  one p r o c e s s  i s  o p t i c a l l y  a l lowed  and the  o t h e r  
f o rb idden ,  the o p t i c a l l y  a l lowed  p r o c e s s  be ing  d o m i n a n t  at  the  l o w e r  
e n e r g i e s .  T h e n  as  the  e l e c t r o n  b e a m  e n e r g y  i s  i n c r e a s e d ,  the  c r o s s  
s e c t i o n  of the o p t i c a l l y  a l lowed  p r o c e s s  b e c o m e s  s u f f i c i e n t l y  s m a l l  to 
enab le  the  f o r b i d d e n  p r o c e s s  to d o m i n a t e ,  thus  p r o d u c i n g  the  o b s e r v e d  
e n e r g y  d e p e n d e n c e .  Next ,  c o n s i d e r  the  s i t u a t i o n  w h e r e  a n o t h e r  e x c i t e d  
s t a t e  (F ig .  22) as  we l l  as  the  Ni l  1D i s  p r o d u c e d  by the  d i s s o c i a t i v e  
e x c i t a t i o n  p r o c e s s ,  the o t h e r  exc i t ed  s t a t e  s u b s e q u e n t l y  c a s c a d i n g  in to  
the  NII 1D l e v e l .  If the h i g h e r  exc i t ed  s t a t e  i s  p r o d u c e d  by an  a l lowed  
p r o c e s s  and the  NII 1D s t a t e  by a f o r b i d d e n  p r o c e s s ,  the o b s e r v e d  be -  
h a v i o r  could r e s u l t .  T h i r d l y ,  i t  i s  p o s s i b l e  tha t  the NII 1D s t a t e  i s  not  
e x c i t e d  by the inc iden t  e l e c t r o n s  but i s  due only  to two c a s c a d i n g  t r a n -  
s i t i o n s ,  one of wh ich  i s  p roduced  by an  a l l owed  and the o the r  a f o r b i d d e n  
d i s s o c i a t i v e  e x c i t a t i o n  p r o c e s s .  Aga in  the  o b s e r v e  e n e r g y  d e p e n d e n c e  
could r e s u l t .  Note,  h o w e v e r ,  tha t ,  in  a l l  t h r e e  c a s e s ,  t h e r e  i s  one 
a l lowed  and one f o r b i d d e n  p r o c e s s .  F o r  the  c a s e s  w h e r e  both p r o c e s s e s  
a r e  f o r b i d d e n ,  only  a d i f f e r e n t  va lue  of b n would r e s u l t .  L i t t l e  can  be 
s a i d  about  the v a l i d i t y  of the  c a s c a d i n g  a r g u m e n t s ,  h o w e v e r ,  as  the  
popu la t ion  of t h e s e  s t a t e s ,  which  m a y  c a s c a d e  wi th  the  NII 1D s t a t e ,  by 
e l e c t r o n  c o l l i s i o n  i s  at p r e s e n t  unknown.  

P o t e n t i a l  e n e r g y  c u r v e s  fo r  the  e l e c t r o n i c  s t a t e s  of N 2 and NO e x i s t  
(Ref. 19) only fo r  the  l o w e s t  e l e c t r o n i c  l e v e l s  and a r e  not adequa te  to 
p rov ide  i n f o r m a t i o n  r e g a r d i n g  the  e x c i t a t i o n  c h a n n e l s  wh ich  p roduce  
NII 1D and NII 3F°  e x c i t a t i o n s .  In p r i n c i p l e ,  h o w e v e r ,  i t  i s  wel l  known 
tha t  when  a m o l e c u l e  in i t s  g round  e l e c t r o n i c  s t a t e  u n d e r g o e s  a c o l l i s i o n  
wi th  a h igh  e n e r g y  e l e c t r o n ,  exc i t ed  e l e c t r o n i c  s t a t e s  m a y  be p r o d u c e d ,  
s o m e  of which  m a y  l ead  to d i s s o c i a t i o n  of the  m o l e c u l e ,  and the e x c i t a t i o n  
p r o c e s s e s  obey the  F r a n c k - C o n d o n  p r i n c i p l e  as  d e s c r i b e d  in Sec t i on  1 .0 .  
T h e r e f o r e ,  e x c i t a t i o n s  m a y  o c c u r  to s t ab l e  e l e c t r o n i c  s t a t e s ,  to e l e c -  
t r o n i c  s t a t e s  f r o m  which  the m o l e c u l e  wi]_l d i s s o c i a t e ,  and to e l e c t r o n i c  
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s t a t e s  w h e r e  both s t a b l e  m o l e c u l e s  and d i s s o c i a t i o n  r e s u l t s .  A n u m b e r  
of e l e c t r o n i c  s t a t e s  of the  l a s t  two types  m a y  e x i s t  and m a y  r e s u l t  in 
the  NII e x c i t a t i o n s  of i n t e r e s t .  Thus ,  a c c u r a t e  p o t e n t i a l  e n e r g y  c u r v e s  
a r e  n e e d e d  to aid in the u n d e r s t a n d i n g  of the  p h y s i c a l  p r o c e s s e s  in -  
v o l v e d  in  t h e s e  e x c i t a t i o n s .  

F i n a l l y ,  as  an a p p l i c a t i o n  of the  r e s u l t s  of th i s  s tudy  we s h a l l  con -  
s i d e r  the  u se  of the e l e c t r o n  b e a m  f l u o r e s c e n c e  t e c h n i q u e  f o r  s p e c i e  
d e n s i t y  m e a s u r e m e n t s  of N 2 / H e  and N O / H e  b i n a r y  m i x t u r e s .  Con-  
s i d e r i n g  the  e x c i t a t i o n  of He by e l e c t r o n  c o l l i s i o n ,  it  is  we l l  known tha t  
the  p r o c e s s  

e" + ] l e ( l ] S )  -, H e ( 3 I p )  - e" 

L o [ l e f 2 l s )  -,- h,,(.~Ol6 A) (57) 

is d e s i r a b l e  f o r  u t i l i z a t i o n  fo r  d i a g n o s t i c s  p u r p o s e s  b e c a u s e  of the  e a s e  
wi th  wh ich  it is e x c i t e d .  It is  r e c a l l e d  tha t  both N2 and NO p r o d u c e  

O 

r a d i a t i o n  at 5016 A f r o m  NII r a d i a t i o n  t r a n s i t i o n s  r e s u l t i n g  f r o m  e l e c -  
t r o n  d i s s o c i a t i v e  e x c i t a t i o n o P r O c e s s e s .  C o n s e q u e n t l y ,  the  m e a s u r e d  
r a d i a t i v e  i n t e n s i t y  at 5016 A o b s e r v e d  f r o m  a b i n a r y  m i x t u r e  of e i t h e r  
N 2 / H e  o r  N O / H e  r e s u l t s  f r o m  both  He and e i t h e r  N2 o r  NO e x c i t a t i o n s  
and is  not  a un ique  m e a s u r e  of an i nd iv idua l  s p e c i e  d e n s i t y .  The  c o n t r i -  
bu t ion  to the m e a s u r e d  i n t e n s i t y  by the i nd iv idua l  s p e c i e s  i s ,  of c o u r s e ,  
d e p e n d e n t  not  only on the  s p e c i e  d e n s i t y  but a l so  on the i nd iv idua l  e x c i -  
t a t i o n  c r o s s  s e c t i o n .  The  fo l lowing  s e c t i o n  wil l  c o n s i d e r  s u c h  m i x t u r e s  
and the m a g n i t u d e s  of the i nd iv idua l  s p e c i e  e x c i t a t i o n  c r o s s  s e c t i o n s  f o r  
the  p u r p o s e  of d e t e r m i n i n g  b i n a r y  m i x t u r e  c o m p o s i t i o n s  f o r  w h i c h  u n a m -  
b iguous  and a c c u r a t e  d e n s i t y  m e a s u r e m e n t s  a r e  p o s s i b l e .  

C o n s i d e r  the  i n t e r a c t i o n  of an e l e c t r o n  b e a m  of c u r r e n t  I and c r o s s -  
s e c t i o n a l  a r e a  (a) wi th  a g a s e o u s  b i n a r y  m i x t u r e  c o n s i s t i n g  of s p e c i e  1 
and s p e c i e  2 in  t h e i r  g r o u n d  s t a t e s  g s u c h  tha t  e x c i t e d  s t a t e s  i and j ,  
r e s p e c t i v e l y ,  a r e  p r o d u c e d  and a s t e a d y - s t a t e  photon  e m i s s i o n  r a t e  is  
o b s e r v e d  at  a w a v e l e n g t h  I .  The  v o l u m e  r a t e s  of p r o d u c t i o n  of a t o m s  
are ( I /a)n~ cr~i f o r  the  state i and (I /a)n~ a~j f o r  the  state j ,  and the 

1 1 volume rates of rad iat ive depopulat ion are given by E A 1 n~ = A i n i fo r  

2 Aj2nj2 j ~ 1 is  the  2 E Air~ nj = fo r  the  s t a t e  w h e r e  the  s t a t e  i and r {Tg i 

1 is  the  e x c i t a t i o n  c r o s s  s e c t i o n  of s p e c i e  1 f o r  the g -. i t r a n s i t i o n ,  ng 

s p e c i e  1 g r o u n d  s t a t e  n u m b e r  d e n s i t y ,  and A 1 is the  s p e c i e  1 E i n s t e i n  

t r a n s i t i o n  p r o b a b i l i t y  f o r  a s p o n t a n e o u s  i ~ ~ t r a n s i t i o n .  When  i t  is  
a s s u m e d  tha t  no o t h e r  p r o c e s s e s  a r e  i nvo lved ,  in p a r t i c u l a r ,  r a d i a t i v e  
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c a s c a d i n g  and c o l l i s i o n a l  quench ing  e f f ec t s ,  the s t e a d y - s t a t e  n u m b e r  
d e n s i t i e s  in  s t a t e s  i and j a r e  g iven  by 

n~ = (I/a)nlg 1 1 agi/Ai 

n~= (l/a) 2g ~gJ/'2 ,A2j 
and 

(58) 

(59) 

F o r  i ~ s and j -, t t r a n s i t i o n s ,  m u l t i p l y  e a c h  equa t ion  by the a p p r o p r i a t e  
E i n s t e i n  t r a n s i t i o n  p r o b a b i l i t y  to  ob ta in  the  photon e m i s s i o n  r a t e s  p e r  
un i t  v o l u m e ,  

S I A1 ] = ' is ni = (I /a)nl  °l--i ]~s 
5 

2 2 
= ([/a)n2ogj/Bit 

w h e r e  

~Is 1 /AI = Ais "'i 

i s  de f ined  as  the  b r a n c h i n g  f a c t o r .  

The  o b s e r v e d  photon e m i s s i o n  r a t e  i s  g i v e n  by 

(S l + S2)Vobse,vatio,e = (S l + S2)La 

(60) 

(.61) 

w h e r e  L is  the  o b s e r v e d  e l e c t r o n  b e a m  l eng th .  T h e r e f o r e ,  the  o b s e r v e d  
photon e m i s s i o n  r a t e  S i s  g i v e n  by 

S = sl + 52 = IL ag i asjlgj (62) 

Note tha t  n e i t h e r  the  photon e m i s s i o n  r a t e  f o r  s p e c i e  1 n o r  s p e c i e  2 can  
be d e t e r m i n e d  i ndependen t l y .  T h e r e f o r e ,  in  a b i n a r y  m i x t u r e  of N 2 / H e  
or  N O / H e ,  fo r  wh ich  the  He m o l e  f r a c t i o n  i s  s m a l l ,  the  o b s e r v e d  i n t e n -  
s i t y  of the  He(5016 A)31p  ~ 21S t r a n s i t i o n ,  wh ich  can  e a s i l y  be o b s c u r e d  
by the  NII (5016.4  A)ID " 1 po t r a n s i t i o n ,  cannot  be d i s t i n g u i s h e d  as  coming  
f r o m  the  He or  the  NII t r a n s i t i o n .  F o r  the  c a s e s  of N2/NO0 N2/N,  and 
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i1 2 N O / N  m i x t u r e s ,  Eq.  (62) is changed  only in that  ~is = fljt, and the  s u b -  

s c r i p t s  i and j r e f e r  to the s a m e  s t a t e  as do s and t. Thus ,  the  o b s e r v e d  
i n t e n s i t y  f r o m  an e x c i t e d  lkqI s t a t e  is i n d i s t i n g u i s h a b l e  as c o m i n g  f r o m  
N 2, NO, o r  N. 

The  t e c h n i q u e  d e m o n s t r a t e d  h e r e i n  app l i e s  to flow d i a g n o s t i c s  as 
we l l  as d e t e r m i n i n g  i n t e r e s t i n g  c r o s s  s e c t i o n  b e h a v i o r .  The  r a n g e  of 
m i x t u r e s  of N 2 / H e  and N O / H e  fo r  which  one can use  the  5016-A He l i ne  
fo r  f low d i a g n o s t i c s  is d e t e r m i n e d  by the r e l a t i v e  d e n s i t i e s ,  t r a n s i t i o n  
p r o b a b i l i t i e s ,  and c r o s s  s e c t i o n s .  By u s i n g  the  t r a n s i t i o n  p r o b a b i l i t i e s  
of Ref.  18, the  op t i ca l  c r o s s  s e c t i o n  fo r  He 5016 A(31p  ~ 2±S) e x t r a p o -  
l a t e d  to 10 k e V  f r o m  Ref. 20 and the p r e s e n t  op t ica l  c r o s s  s e c t i o n s  

' 0 

fo r  the  NII 5 0 1 6 . 4 - A  t r a n s i t i o n s ,  the  r a t i o s  of He 5016-A i n t e n s i t y  to the  
to ta l  o b s e r v e d  i n t e n s i t y  at 10 k e V  as a func t ion  of nHe /nN2  and n H e / n N O  
was c a l c u l a t e d  and is  shown  in Fig.  31. It is  s e e n  that  u n l e s s  the  n u m b e r  
d e n s i t y  of h e l i u m  is  s e v e r a l  t i m e s  tha t  of N 2 o r  NO, a s u b s t a n t i a l  pa r t  
of the  o b s e r v e d  i n t e n s i t y  is  due to the NII t r a n s i t i o n .  Thus ,  ]~revious and 
f u t u r e  l o c a l  s p e c i e  d e n s i t y  m e a s u r e m e n t s  us ing  the  He 5016-A l i n e  m u s t  
i nc lude  c o r r e c t i o n s  fo r  NII 5 0 1 6 . 4 - A  c o n t r i b u t i o n s  to the  o b s e r v e d  i n t e n -  
s i ty .  

SHe 

Stotal 

LO 

0.9 

0.8 

0.7 

0.6 

O.P I I I I  
.5 .7 

X - N 0  

X - N 2 

I I I J , i l , !  I I I 
1.0 1.5 2 3 4 5 6 7 8  10 15 20 

nHdnX 

Figure 31. Ratio of helium 5016 • to total observed intensity at 
10 keY as a function of number density for N2/He and 
NO/He mixtures. 
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NOMENCLATURE 

Ais 

a 

a o 

B 2 F. + 

bn 

Cn 

CI, C 2 

C 

d~ n 

E 

E" 

E n 

e 

fn 

fn(K) 

hu 

4% 

4~K 

I 

I. z 

irel  
(x) 

Einstein transition probability for spontaneous i -* s 
transition 

Electron beam cross-sectional area 

Bohr radius 

Upper electronic state of nitrogen 

Constant defined by Eq. (33) and appearing in the excitation 
cross-section relation for optically forbidden transitions 

Constant defined by Eq. (30) and appearing in the excitation 
cross-section relation for optically allowed transitions 

Constants; i. 1909 x 10 -12 watts-cm2/sr and 1.4380 cm-K, 
respectively 

Speed of light 

Differential cross section for excitation from ground state 
£o state n with incident particle scattered into solid angle 
element de 

Kinetic energy of incident electrons 

Excitation energy 

Excitation energy from ground state to state n 

Electronic charge and electron 

Optical oscillator strength 

Generalized oscillator strength 

Photon of energy hv 

Planck's constant divided by 2~ 

Initial momentum of the incident electron 

Final momentum of the incident electron 

Momentum transfer of the incident electron 

Electron beam current 

First ionization threshhold 

Measured relative intensity of the tungsten ribbon standard 
lamp using the optical system to be calibrated 
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K a  o 

L 
N 

M 

M 

m 

NI 

NII 

N2(I -) 

N2(2+) 
+ 

N2( l - ) (v ,  v ' )  

N~. 

n 

A 

n 

P n m  

P 

R 

r 

- @  

S 

S(X) 

T 

TB 

V 

..@. 

v 

X 1 + ~-g 

Constant defined by Eq. (28) 

Observed electron beam length 

Reduced mass of the incident electron-molecule system 

Z Z Z 
Vector with components ~ ejxj , ~ ejyj , and Y~. ejzj 

j=l  j : l  j=l 

Dipole-matrix-element squared for transition from grolu;d 
s t a t e  to s t a t e  n 

E l e c t r o n i c  m a s s  

N e u t r a l  a t o m i c  n i t r o g e n  

Singly i o n i z e d  a t o m i c  n i t r o g e n  

F i r s t  n e g a t i v e  s y s t e m  of i on i zed  m o l e c u l a r  n i t r o g e n  

Second pos i t i ve  s y s t e m  of m o l e c u l a r  n i t r o g e n  

v --, v" v i b r a t i o n a l  band of N~(1-) 

S p e c t r a l  r a d i a n c e ,  wa t t s ]  cm 2 - s r - c m  

N u m b e r  d e n s i t y  

Unit v e c t o r  

P r o b a b i l i t y  of an n -. m t r a n s i t i o n  

E l e c t r o n  m o m e n t u m  

R y d b e r g  e n e r g y  

P o s i t i o n  of the i n c i d e n t  e l e c t r o n  r e l a t i v e  to the c e n t e r  of 
the a t o m  

P o s i t i o n  of the  a t o m i c  e l e c t r o n s  

Photon  e m i s s i o n  r a t e  

Opt ica l  s y s t e m  r e l a t i v e  s e n s i t i v i t y  

T r u e  t e m p e r a t u r e  

B r i g h t n e s s  t e m p e r a t u r e  

Cou lomb i n t e r a c t i o n  po ten t i a l  e n e r g y  b e t w e e n  the  i n c i d e n t  
and a t o m i c  e l e c t r o n s  

Ve loc i ty  of i nc iden t  e l e c t r o n  

Ground  e l e c t r o n i c  s ta te  of n i t r o g e n  



YJM 
Z 

~is 
¢(l, T) 

en 

~(E') 

e,¢ 
k 

~n(~i,~) 
p 

~ij 

~n 

T 

Xnv 

~'nvJM 

~n (-~i ~z) J • • I 

W 
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Lower  e l e c t r o n i c  s ta te  of n i t rogen  

Component  of the pos i t ion  vec to r  r j  

Spher ica l  h a r m o n i c s  

Number  of a tomic  e l e c t r o n s  in t a rge t  a tom 

Branch ing  f ac to r  fo r  the i -~ s t r a n s i t i o n  

E m i s s  ivi ty 

Atomic  m a t r i x  e lement  or  f o r m  fac to r  

Ef f ic iency  or  p robabi l i ty  f ac to r  

Spher ica l  po la r  coord ina tes  

Spher ica l  po la r  coord ina tes  
o 

Wavelength, A 

Electronic wave function 

Internuclear distance 

Total cross section for the i -, j transition 

Total cross section for excitation from the ground state 
to state n, regardless of angle of scattering of incident 
p a r t i c l e  

T r a n s m i s s i o n  f ac to r  of s t andard  l amp  quar tz  window 

Vibra t iona l  wave funct ion  

Tota l  m o l e c u l a r  wave funct ion 

Eigenfunct ions  of s ta te  n and in the coord ina tes  ~i of the 
a tomic  e l ec t rons  

I J  

Solid angle subtended by s c a t t e r e d  e l e c t r o n s  
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